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ABSTRACT
The top quark is the most massive fundamental particle in the Standard Model
of particle physics. Only experimentally observed in 1995, it can be used as a precise
test of Standard Model predictions, and it could lend insight to the problem of what
lies beyond the Standard Model. This thesis presents a measurement of top-quark
pair production using data collected at a center-of-mass energy
√
s = 7 TeV in 2011,
and a search for production of vector-like quarks using data collected at
√
s = 8 TeV
in 2012. Both datasets were recorded by the ATLAS detector, a multipurpose proton-
proton collider located at the CERN LHC outside of Geneva Switzerland.
The top-quark pair production cross-section is measured as a function of four
different variables and the results are presented as normalized, differential spectra.
The variables considered are the transverse momentum of the top quark, and the
mass, rapidity, and transverse momentum of the top-quark pair system. Events
are selected in the lepton+jets channel, and the measured spectra are corrected for
detector resolution and efficiency. The final results are compared with predictions
from various Monte Carlo generators, theoretical calculations and proton parton
vi
distribution functions and found to be in reasonable agreement. Data is found to
be softer than all predictions, particularly for high values of top-quark transverse
momentum and the top-quark pair invariant mass.
The search for vector-like quarks focuses on new heavy quarks that decay with
a large branching ratio to a Z boson and a third generation Standard Model quark.
Events are selected with at least two leptons (electrons or muons), and two of the
leptons are required to reconstruct a Z boson with high transverse momentum. No
significant excess of events is observed above the Standard Model prediction. Upper
limits on the masses of vector-like T and B quarks are derived for various branching
ratio hypotheses.
vii
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Chapter 1
Introduction
Nothing shocks me. I’m a scientist.
Harrison Ford as Indiana Jones
What is the underlying structure of matter in the universe? This is the question
at the center of particle physics, and it is also a question that people have thought
about for a very long time. The idea that there is some indivisible unit that serves as a
building block for all other matter dates back to the 4th century BC in ancient Greece
when the atom (meaning “unable to be divided”) was proposed by Democritus and
Leucippus. John Dalton used the concept of atoms to explain results obtained in
the field of Chemistry in 1805. However, contemporary particle physics was born in
1897 when J.J. Thomson discovered the electron by demonstrating that cathode rays
were made up of discrete particles [1]. This was the first discovery of a fundamental
particle currently included in the model of particle physics we use today.
In the early 1900’s a series of discoveries revolutionized the way scientists viewed
the world. In 1900, Max Planck, who was working on black-body radiation, suggested
that electromagnetic waves were composed of “energy elements” (now known as
photons) [2]. This, combined with other important experiments at the time, led to
the development of quantum mechanics and the Dirac equation in 1928 [3]. The
Dirac equation predicted the existence of anti-particles. Neutrinos were proposed by
Wolfgang Pauli in 1930 to explain beta decay [4], although they were not directly
detected until 1956 by Frederick Reines and Clyde Cowan [5]. The atomic nucleus
was also identified along with protons and neutrons. Although now we know that
these are not fundamental particles, at the time they were viewed as such. For a
1
2period of time, physicists were confident with their understanding of the world, and
enjoyed the many successes of quantum mechanics.
In 1936, Carl D. Anderson and Seth Neddermeyer were studying particle showers
produced when cosmic rays collide with atoms in the earth’s upper atmosphere.
They found a particle that behaved differently from all other known particles at the
time [6]. This was determined to be the muon. It was so unexpected that when
Isidor Isaac Rabi heard the news, his famous response was, “Who ordered that?”.
The experimental apparatus they used for this discovery was called a cloud cham-
ber. Cloud chambers continued to be used to find new particles throughout the
1930’s-50’s.
The next major leap in understanding came with the development of the Standard
Model (SM) of particle physics in the 1960’s-70’s. At the time so many new particles
had been discovered that Enrico Fermi told his student, “If I could remember the
names of these particles, I would have been a botanist”. Efforts to classify these
new particles and the discovery of partons in deep inelastic scattering experiments
at SLAC [7] led to a theory which unified the electromagnetic and weak forces, and
predicted the existence of the W and Z bosons as well as the charm quark [8]. The
Higgs mechanism was also proposed at this time. By the end of the 1970’s most
of these predicted particles had been discovered, leaving only the existence of top
quark, the tau neutrino and the Higgs boson in question.
The top quark, due to its large mass, was not discovered until 1995 [9,10], when
physicists were able to build a particle collider with enough energy, the Tevatron.
The Higgs boson was discovered at the Large Hadron Collider (LHC) in 2012 [11,12].
At this time we have a complete model of particle physics, the Standard Model,
which is both accurate and precise. It explains the fundamental forces and funda-
mental particles in our world and how they interact with each other. All of the
3particles predicted by the Standard Model have successfully been experimentally
observed.
However, there remain many unanswered questions. What is dark matter and
what is dark energy? Why is there such a large asymmetry between the amount
of matter and antimatter in the universe? Why do the quarks have such different
masses? Are there or why are there exactly three generations of quarks and leptons?
Physics beyond the Standard Model (BSM physics) attempts to extend the Standard
Model in order to answer these questions. To do this, BSM theories include additional
particles, additional symmetries, and additional interactions. Physicists can search
for evidence of these predictions to either prove or rule out the existence of the
theory.
There are two different ways of searching for evidence of BSM physics. The first
is to measure, as precisely as possible, quantities predicted in the Standard Model to
see if the measured result agrees with the prediction. The second is to search directly
for predicted particles. Chapter 4 presents a precise measurement of the differential
cross-section of top-quark pair production [13] (an example of the first method) and
Chapter 5 describes a search for vector-like quarks [14] (an example of the second).
The top quark is unique for several reasons. It is the most massive fundamental
particle (approximately 173 GeV [15]) and it is the only quark which decays before
it hadronizes (forms bound states with other quarks). For these reasons it is partic-
ularly important to study. Many BSM physics theories predict new particles which
are produced in association with top quarks or decay into top quarks, and top-quark
pair production is one of the largest backgrounds for many BSM searches.
In Chapter 2 of this thesis the Standard Model of particle physics will be pre-
sented, including all fundamental particles and interactions. In addition, there will
be a discussion of fourth generation quarks. This will include the theoretical moti-
4vation for the existence of vector-like quarks, and also the implications of another
generation of quarks on physics at the LHC. Chapter 3 will describe the experimen-
tal apparatus: the LHC and the ATLAS detector. Since the entire detector is used
for reconstructing the decay products of top quarks, each part of the detector and
how it functions will be described in detail. In particular, emphasis will be placed
on the muon system and the muon trigger. The two analyses previously mentioned
will be presented in Chapters 4 and 5. Chapter 4 will focus on the differential
cross-section measurements for top-quark pair production with respect to the mass,
transverse momentum, and rapidity of the tt¯ system and with respect to the trans-
verse momentum of the individual top quarks. Chapter 5 will present the search
for a fourth generation of vector-like quarks. This chapter will describe a search for
pair-production and single production of such quarks using events with two leptons
(the dilepton channel) and events with three leptons (the trilepton channel). Single
production will be studied in the case that the heavy quark decays to a Z boson and
a top quark. Finally the conclusions are presented in Chapter 6.
This thesis uses natural units throughout, where ~ = c = 1. This is a standard
convention and it means that all masses, momentums, and energies are in the same
units of eV. The unit of electric charge e is dimensionless and related to the fine-
structure constant as e =
√
4piα and the fine-structure constant α is ≈ 1/137.
Chapter 2
Theory
Your theory is crazy, but it’s not crazy enough to be true.
Niels Bohr
This section gives the theoretical context for the analyses presented in Chap-
ters 4 and 5. Both analyses are, in effect, testing the SM of particle physics which is
summarized in Sec. 2.1, but particular attention is devoted to a couple of features.
Quantum Chromodynamics, the theory of the strong force, is introduced in Sec. 2.1.4
and it is explained there that perturbative techniques can be applied to these inter-
actions. Simulations and proton parton distribution functions need to be compared
with measured results in order to confirm their accuracy and, if needed, results from
measurements can be used to improve them. This is one of the most important
reasons for measuring differential cross-sections for top-quark pair production.
Another subject that receives particular attention is fermion masses and the
couplings of fermions to the Higgs boson. The fermions in the SM couple to the Higgs
boson differently than vector-like fermions would, and this difference in coupling
terms provides a motivation for why a fourth generation of quarks, if it exists, could
be vector-like.
Due to its importance in both analyses, the top quark is described in Sec. 2.1.2,
and vector-like quarks are described in Sec. 2.2. Examples of models containing
vector-like quarks are given, and a particular composite Higgs model is used as an
example. Previous searches for vector-like quarks and the results of these searches
are also briefly described.
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62.1 The Standard Model
2.1.1 Fundamental Particle and Forces
The SM is a very successful description of the fundamental building blocks that
make up matter. It is an SU(3)×SU(2)×U(1) quantum field theory that describes
what these building blocks are, how they interact with each other, and how these
interactions result in the forces that have been observed in nature.
The fundamental constituents of matter in the SM are particles: quarks, leptons,
and the force-carriers. These can be classified as fermions and bosons according to
their spin; the force-carriers are bosons and the quarks and leptons are fermions.
The fermions are shown in Table 2.1 along with their masses and other quantum
numbers.
The forces in the SM can be divided up into the strong force, the weak force and
the electromagnetic force. The electromagnetic force can be described by Quantum
Electrodynamics (QED) and the theory of the strong force is Quantum Chromody-
namics (QCD). Gravity is another force present in nature, but it is too weak to be
important at the energy scale of the LHC and will be neglected in this discussion.
The gluon is the mediator of the strong force, the W and Z bosons are the mediators
of the weak force, and the photon is the mediator of the electromagnetic force. All
of these particles are spin-1 bosons. The last fundamental particle, only recently
discovered [11], is the Higgs boson [16,17,18].
The properties of these fundamental particles allow different particles to interact
with different forces. Since quarks, electrons, muons, and taus have electric charge,
these particles can participate in electromagnetic interactions. Quarks have a prop-
erty called color, which allows them to participate in strong interactions. All of the
particles participate in weak interactions.
7Name Symbol Charge Mass(MeV)
electron e -1 0.511
muon µ -1 106
tau τ -1 1777
electron neutrino νe 0 < 2× 10−6
muon neutrino νµ 0 < 0.19
tau neutrino ντ 0 < 18.2
up quark u 23 2.3
charm quark c 23 1.3× 103
top quark t 23 173× 103
down quark d −13 4.8
strange quark s −13 100
bottom quark b −13 4.2× 103
Table 2.1: The three generations of quarks and leptons in the SM.
Neutrinos have mass but it has not been measured, so the numbers
shown for the neutrino masses are limits on how massive they can
be [15].
82.1.2 The Top Quark
With a mass of approximately 172.5 GeV [15], the top quark is the most massive
fundamental particle in the SM. It is also the only quark which decays before it
hadronizes, and it was the last quark to be discovered [19,20].
Top-quark pair production
Top-quark pairs and single top quarks are both produced at the LHC, but the cross-
section for production of top-quark pairs is larger. While studying both of these
processes is important for searching for evidence of physics beyond the SM and mea-
suring properties of the top quark, pair-production is more important to understand
as a large background for other searches.
Top-quark pairs at hadron colliders can be produced both from quarks and gluons.
At the LHC, due to the high center-of-mass energy, top-quark pairs are mainly
(approximately 90% of the time) produced from gluons. The production diagrams
are shown in Fig. 2·1.
q
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Figure 2·1: Dominant production diagrams for top-quark pairs.
The cross-section for top-quark pair production at a center-of-mass energy (
√
s)
of 7 TeV is predicted to be 172.0+6−8 pb when calculated using top++ [21] to next-to-
next-to-leading order with next-to-next-to-leading-log resummation (NNLO+NNLL).
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Figure 2·2: A summary of ATLAS and CMS measurements for the
cross-section of top-quark pair production at 7 TeV (left) and a sum-
mary of ATLAS measurements at 8 TeV (right) [25].
At
√
s = 8 TeV the predicted cross-section is 245.8+9−11 pb. Results from ATLAS [22,
23,24] are in agreement with these predictions as can be seen in Fig. 2·2. Such large
cross-sections mean that the statistical uncertainty from the number of tt¯ events is
not a limiting factor for analyses on this data.
Top-quark decay
The top quark decays nearly 100% of the time to a W boson and a b-quark. Decays
to a W boson and either a strange or bottom quark are also possible, but occur
much less frequently since they are suppressed by the small Vts and Vtd CKM matrix
elements [26, 27]. The W boson can then decay to either a lepton and a neutrino
(referred to as a leptonic decay) or to a quark and an antiquark (referred to as a
hadronic decay). Therefore, the top-quark pair final states can be split into different
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channels based on the decays of the W boson: the dilepton channel, the semileptonic
channel, and the all hadronic channel. There are approximately equal probabilities
for a W+ boson to decay to
W+ → e+νe ,W+ → µ+νµ ,W+ → τ+ντ , (2.1)
and each color (3 possibilities) of
W+ → ud¯ ,W+ → cs¯ . (2.2)
As a result, approximately 1/3 of W boson decays are leptonic and 2/3 are
hadronic. Therefore, if two W bosons are decaying, approximately 4/9 of these
decays are semileptonic. This is depicted in Fig. 2·3.
Figure 2·3: Graphical representation of top-quark pair decays. Along
the x-axis are the decay options for the W+ boson while along the y-
axis are the options for the W− boson. Approximately 4/9 of the tt¯
decays are in the semileptonic channel, 1/9 are in the dilepton channel,
and 4/9 are in the all-hadronic channel [28].
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2.1.3 Spin, Helicity, and Chirality
Spin is another property of particles in the SM. It is a quantum number that can
be thought of as the intrinsic angular momentum of a particle. Fermions have spin
1/2 and bosons have integer spin. These spins also have a direction, although, due
to the quantum mechanical nature of spin there are finite options for this direction.
For example, a spin-1/2 fermion can be spin up (+1/2) or down (−1/2). Helicity
can then be defined as the spin component in the direction of motion, 1
2
σ · pˆ where
pˆ is a unit vector in the direction of motion and σ is the vector of Pauli matrices
σ1 =
(
0 1
1 0
)
, σ2 =
(
0 −i
i 0
)
, σ3 =
(
1 0
0 −1
)
. (2.3)
The eigenvalues of this operator are +1/2 and −1/2 for positive and negative
helicities respectively. If the spin of a particle is aligned with the direction of motion
this corresponds to positive helicity and if it is opposite the direction of motion,
then this is negative helicity. For antiparticles, the opposite is true: positive helicity
corresponds to the spin being aligned opposite the direction of motion and negative
helicity corresponds to it being aligned with the direction of motion. By this defini-
tion, helicity is not relativistically invariant. If a boost is applied in the direction of
motion for a particle so that the direction of the motion is reversed, then the particle
goes from having positive to negative helicity and vice versa.
At high energies the helicity of a particle becomes the same as its chirality (pos-
itive helicity refers to a right-handed particle and negative helicity refers to a left-
handed particle), but chirality is a relativistically invariant quantity and determines
how a particle transforms under the Lorentz group. Left-handed and right-handed
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chiralities can be written
ψL =
1− γ5
2
ψ , ψR =
1 + γ5
2
ψ , (2.4)
where γ5 is the 5th Dirac matrix
γ5 = iγ0γ1γ2γ3 =

−1 0 0 0
0 −1 0 0
0 0 1 0
0 0 0 1
 in the Weyl basis . (2.5)
In the SM, interactions are not symmetric with respect to right and left-handed
particles. One example of this is that the weak interaction breaks parity. This will
be discussed in more detail in Sec. 2.1.6.
2.1.4 QCD
Quantum Chromodynamics (QCD) is the theory of the strong force and it is perhaps
the most important force involved in hadron collisions at the LHC. It can be described
as an SU(3) gauge theory with eight generators that correspond to eight gluons.
The QCD Lagrangian can be written
LQCD = −1
4
FAµνF
µν
A +
∑
flavors
q¯a(i /D −m)abq + ... , (2.6)
where the index a goes from 1 to 3 over quarks in the fundamental representation
and the index A goes from 1 to 8 over gluons in the adjoint representation.
The symbol FAαβ is given by
FAαβ = ∂αA
A
β − ∂βABα − gsfABCABαACβ , (2.7)
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where gS is the gauge coupling and (Dα)ab is given by
(Dα)ab = ∂αδab + igst
C
abA
C
α . (2.8)
Eq. 2.6 contains a kinetic term for the gluons (first part) and mass and ki-
netic terms for the fermions (second part). The interaction between the gluons
and fermions is described by the last term in Eq. 2.8. The last term of Eq. 2.7 is a
gluon self interaction term, and this is a unique feature of QCD. It has the important
consequences known as confinement and asymptotic freedom.
Asymptotic freedom is used to describe the result that the coupling between
particles with color charge decreases with energy (as opposed to QED where the
coupling grows with energy) and increases with the distance between them (again
opposite from the QED result). High energy particle collisions are the only way to
observe the interactions between individual partons, because as energy decreases,
confinement becomes the dominant effect.
Confinement is used to explain why it is impossible to find a single quark or
any bound state of quarks that is not color neutral. If two quarks with opposite
color charge are pulled apart, the force between them will increase until it is large
enough to pull additional quarks out of the vacuum. When a single quark (other
than a top quark which decays immediately) is produced in a particle collision, it
immediately pulls another quark out of the vacuum leaving another single quark
which immediately does the same, and a spray of hadrons is created which can be
seen in the detector. This is referred to as a jet.
Due to the fact that QCD is a strongly-coupled theory, it is difficult to solve ex-
actly and one of the techniques frequently used for QCD calculations is perturbation
theory. Monte Carlo (MC) simulations, parton distribution functions, and theoreti-
cal calculations are all calculated using perturbation theory to different orders in the
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strong coupling constant (αS).
Many MC generators are leading-order (LO) with additional matrix-element
matching, or next-to-leading-order (NLO). In some cases included in this thesis the-
oretical cross-section calculations are done to next-to-next-to-leading-order (abbre-
viated NNLO) or next-to-leading-order with additional next-to-next-to-leading-log
corrections (abbreviated NLO + NNLL). Another factor that determines how well
the MC simulation models the data is the proton parton distribution function (PDF)
set used.
2.1.5 Parton Distribution Functions
A proton is a bound state of quarks and gluons, and when protons are smashed
together at the LHC, it is difficult to determine which particles carry the momentum
of the proton. The quarks and gluons inside a proton are considered partons and
parton distribution functions (PDFs), shown as probability densities, describe how
the proton’s momentum is distributed among them. A good understanding of PDFs
is therefore essential for making predictions and simulating processes at a hadron
collider.
Theoretically, it is known that PDFs depend on the energy scale of the process,
and this dependence can be calculated up to some order in αS (the PDF sets con-
sidered here will be calculated at NLO), but the momentum fractions themselves
must be measured from data. There are several groups which produce PDF sets by
fitting experimental data. Four of the most commonly used ones will be discussed
here: CTEQ, MRST/MSTW, NNPDF and HERA. Specifically the focus will be on
the exact PDF sets that will be used for comparisons with measurements in Sec. 4:
CT10 [29], MSTW 2008 [30], NNPDF 2.3 [31], and HERA PDF 1.5 [32].
The PDF sets are different for a variety of reasons: the experimental data used,
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the fitting procedure, and the value for the strong coupling constant. CT10, NNPDF
2.3, and HERA PDF 1.5 use values for αS of 0.118, 0.118, and 0.1176 respectively,
while MSTW 2008 determines αS as one of the parameters of the fit and arrives at a
value of 0.1202. CT10, MSTW, and NNPDF are global fits, meaning that they use
data from a large variety of sources (HERA, fixed target and deep inelastic scattering
experiments, the Tevatron/LHC), while HERA is non-global and only includes data
from the H1 and ZEUS Collaborations at HERA. NNPDF 2.3 includes LHC data,
while MSTW 2008 and CT10 include Tevatron data, but no LHC data yet.
Figure 2·4: MSTW 2008 NLO PDFs at energies Q2 = 10 GeV2 and
Q2 = 100 GeV2 [30]. The x-axis is the momentum fraction x, while
the y-axis is x times the distribution function for each parton.
In Fig. 2·4 the momentum fraction x multiplied by the distribution function
for each parton is plotted as a function of x at two different energies. In general,
although this fact is not used in the fits, the sum of the momentum fractions must
be 1:
∑
i
∫
xfi(x,Q
2)dx = 1 , (2.9)
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where the sum i runs over the different partons. Valence quarks are the quarks that
determine the quantum numbers of a hadron and for a proton the valence quarks
are two up quarks and a down quark. At low energy scales the valence quarks carry
more of the momentum of the proton, while at higher energy a larger fraction is
carried by the other partons.
2.1.6 Fermion Masses
Now that the symmetries and forces in the SM have been introduced, it is possible
to return to the theme of this thesis, the top quark, which is unique due to its very
large mass. This is an important characteristic because of the structure of fermion
mass terms in the SM Lagrangian.
All fermions in the SM are chiral. This means that their left-handed and right-
handed components (defined as in Eq. 2.4) do not transform the same way. Left-
handed fermions couple to W± bosons and right-handed fermions do not. This result
can be achieved if left-handed fermions are added to the SM as an SU(2) doublet
and right-handed fermions are added as an SU(2) singlet. For example the left- and
right-handed electrons can be written
ΨL =
(
νL
eL
)
,ΨR = eR . (2.10)
The masses of quarks and leptons have been measured and have been shown to
be nonzero so their masses must be added into the SM theory. However, mass terms
such as
−mΨ¯Ψ = −m(Ψ¯LΨR + Ψ¯RΨL) , (2.11)
are forbidden by the SU(2)×U(1) gauge invariance. Nevertheless it is possible to
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add terms coupling a fermion to the Higgs boson as
−λΨ¯LΦΨR , (2.12)
where Φ represents the Higgs field. Rewriting this with Ψ in terms of the electron
and the neutrino, and writing the Higgs field in terms of the vacuum expectation
value v and free parameter h gives
− λ√
2
(ν¯L, e¯L)
(
0
v + h
)
eR , (2.13)
which, when expanded, gives a mass term for the electron of λv/
√
2. Since the
mass is proportional to λ, the most massive fermion (the top quark) has the largest
coupling to the Higgs boson.
2.2 Vector-Like Quarks
In the SM, there are only three generations of quarks, and all fermions are chiral.
Although some theoretical models exist that would allow for a fourth generation [33],
in general due to precision electroweak measurements, further generations of chiral
quarks are disfavored. In particular, since mass terms for chiral quarks require a
coupling to the Higgs boson that is proportional to mass, adding massive chiral
quarks would change the Higgs boson cross-section and branching ratios.
One of the dominant Higgs production mechanisms is gluon fusion. This is de-
picted in Fig. 2·5. The triangle in the center if the diagram is a fermion loop, and
any fermion that couples to the Higgs will contribute to the rate of this process by
a factor of
∼ λHG
2
m
, (2.14)
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Figure 2·5: Production of a Higgs boson through gluon fusion. The
center triangle is a fermion loop.
where H represents the Higgs boson, G represents the gluons, λ is the Yukawa
coupling, and m is the mass of the fermion. For chiral fermions, m and λ are
necessarily related as described in Sec. 2.1.6
m =
λv√
2
, (2.15)
so any chiral fermion will contribute to the rate of this process. Since there has not
been a significant deviation from the predicted Higgs boson production rate at the
LHC, this is one of the reasons for the strong limits on a fourth generation of chiral
fermions. There are also limits from electroweak precision tests and direct searches.
Vector-like fermions are defined as fermions with left and right components that
transform the same way under SU(3)×SU(2)×U(1). This means that mass terms
such as Eq. 2.11 are allowed. While vector-like fermions could still couple to the
Higgs boson, this coupling would not be proportional to the mass of the fermion.
For example, the Lagrangian could contain both of these terms
mΨ†LΨR + λΨ
†
LHtR , (2.16)
where the first part is a mass term for the vector-like fermion, and the second term
contains a coupling to the Higgs boson and the top-quark. There is no explicit
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relationship between m and λ. This means that m could be much larger than λ and
the term in Eq. 2.14 would be small for massive vector-like fermions.
The simplicity of the vector-like quark mass terms also means that these particles
can be added to many BSM theories without a problem, and in fact, several BSM
theories predict such particles. For example, the existence of VLQ is well motivated
in many composite Higgs models as will be discussed in more detail in Sec. 2.2.3.
They have also been predicted in models with extra dimensions [34, 35] as well as
Little Higgs models [36, 37] and extensions of the MSSM (Minimal Supersymmetric
Standard Model) [38].
The VLQ would couple to SM quarks through Yukawa interactions. These cou-
plings depend on the model, and also on the SU(2) representation: whether the VLQ
is a weak-isospin singlet, doublet, or triplet.
In this thesis, vector-like bottom quarks (VLB) and vector-like top quarks (VLT)
will both be considered as singlets and doublets. The VLT has charge +2/3 and
the VLB has charge −1/3. However, vector-like quarks could also exist with other
charges (for example 5/3 and −4/3). It will also be assumed that these quarks couple
predominantly to the third generation. This is a reasonable assumption because for
generic heavy quark mass terms, the coupling is proportional to the mass of the SM
quark [39].
2.2.1 VLQ Production
Vector-like quarks pairs can be produced at the LHC the same way that top-quark
pairs are produced: via the strong interaction from gluons or from qq¯ pairs. The
cross-section depends on the mass of the quark, and decreases as the mass gets
larger. A representative diagram for production via the strong interaction is shown
in Fig. 2.6(a) and the predicted cross-section values as a function of quark mass are
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Figure 2·6: A diagram for pair production of VLQ quarks (left) and
the production cross-section for VLQ pairs (right). The ratio between
predictions from hathor and top++ is shown on the bottom.
shown in Fig. 2.6(b). The cross-sections are calculated with top++ for pp collisions
at
√
s = 8 TeV and they are also calculated with hathor [40] as a cross-check.
Electroweak single production of vector-like quarks from a gluon and a quark is
also possible at the LHC and is more or less relevant depending on the strength of
the electroweak coupling parameter. An example of the production of a single VLT
in association with a forward light jet and a b-jet is shown in Fig. 2·7.
At low masses, the cross-section for pair production of vector-like quarks is larger,
but the cross-section falls off more rapidly with mass than it does for single produc-
tion, so for large masses of the quark, the cross-section for single production can be
larger as can be seen in Fig. 2·8.
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Figure 2·7: Feynman diagram for single production of a vector-like
quark in association with a forward light jet and a b-jet [41].
Figure 2·8: The cross-section for pair production of vector-like quarks
(QQ¯) compared to the cross-sections for single production of various
vector-like quarks [39].
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2.2.2 Decays of VLQ
Once produced, the VLT and VLB quarks discussed in this thesis can decay in
several ways depending on the singlet or doublet hypothesis as shown in Table 2.2.
In the case of a (T,B) or (T,X) doublet, the T only decays to Zt and Ht while
the X or B can only decay to W+t with the assumption that the top quark mixes
with its partner much more than the bottom quark does (VTb  VtB where Vab is a
generalization of the CKM matrix). This is the most reasonable assumption since
the top quark is much heavier than the bottom quark [39]. In the case of a (B, Y )
doublet, the B can only decay to Hb and Zb while the Y can only decay to W−b.
The branching ratios to all of these decays, calculated using PROTOS [42], are
shown as a function of mass in Fig. 2·9.
Singlet Decay Modes
T(+2/3) W+b, Ht, Zt
B(−1/3) W−b, Hb, Zb
X(+5/3) W+t
Y(−4/3) W−b
Table 2.2: Possible decays for VLQ.
While the branching ratios shown in Fig. 2·9 are not meant to be model de-
pendent, certain assumptions are made. In order to quantify limits without any
assumptions and as model independently as possible, limits can be presented for
pair-production of vector-like quarks in a two-dimensional plane as a function of
the branching ratios. In the case of single production, in order to avoid the same
problem, limits can be evaluated on σ ×BR.
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Figure 2·9: Predictions from PROTOS for the branching ratios of
VLT (left) and VLB (right) to third generation quarks and W , Z, and
H bosons as a function of mass for singlet and doublet hypotheses [14].
2.2.3 VLQ in Composite Higgs Models
Now that the Higgs boson has been discovered at the LHC, attention is turning to
the properties of this new particle. So far, the properties of the Higgs boson have
not shown any disagreement with the minimal Standard Model expectations, but if
the Higgs boson is as simple as it seems, then it would be surprisingly unique; it
would be the only scalar particle in the Standard Model. If it is not the Standard
Model Higgs boson, then another option would be that it is a composite particle. In
this case, VLQ would arise as additional composite states.
VLQ, acting as top partners, are a common feature of many composite Higgs
scenarios [43, 44]. However, in this thesis, one composite Higgs model in particular
will receive more attention. This model is described in Ref. [41]. It is particularly
interesting because it predicts larger cross-sections for single production of VLQ
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and therefore provides an example of a theory where considering this production
mechanism can add sensitivity to the analysis.
The composite Higgs model under consideration consists of two sectors. The
first contains all of the SM particles apart from the Higgs boson, and the other is a
composite sector with an SO(4)xU(1) global symmetry and it contains the Higgs
H = (2,2)0 =
[
φ†0 φ
+
−φ− φ0
]
, (2.17)
as well as a set of five composite fermions
Q =
[
T T5/3
B T2/3
]
= (2, 2)2/3 , T˜ = (1,1)2/3 . (2.18)
The sectors are linearly coupled through mass mixing terms so the Lagrangian
can be written
L = Lelementary + Lcomposite + Lmixing . (2.19)
This Lagrangian is diagonalized by a rotation from the elementary and composite
basis to a mass eigenstate basis. After this diagonalization the Yukawa part of the
Lagrangian is
L = + Y∗sLcR(t¯Lφ†0T˜R − b¯Lφ−T˜R)− Y∗sR(T¯2/3,Lφ0tR + T¯5/3,Lφ+tR)
− Y∗cLsR(T¯Lφ†0tR − B¯Lφ−tR) + Y∗sLsR(t¯Lφ†0tR − b¯Lφ−tR) + h.c.+ ... ,
(2.20)
where Y∗, sR, and cR are mixing parameters.
One particular composite quark (written as T˜ in the reference and equations
above, but simply referred to as T from now on for simplicity) has a particularly
large cross-section and therefore provides the most promising signal. The quantum
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numbers for this fermion are the same as the T singlet discussed previously. In fact,
kinematic distributions of the single production of this quark have been compared to
the kinematic distributions from single production of a more model independent T
singlet, and they are found to be in agreement within the sensitivity of the analysis
presented in this thesis. The only difference is the predicted cross-section. The cross-
section for single production of the T is parametrized in this model as a function of
the mass of the quark and as a function of the coupling parameter λT .
2.2.4 Limits on VLQ
Limits on the existence of VLQ come from direct searches and indirect constraints
from electroweak observables. Previous searches performed by the ATLAS and CMS
experiments assumed that pair production of VLQ is dominant. The ATLAS searches
have targeted specific decay modes: a W boson and a b quark [45], a Z boson and a b
quark [46], and a Z boson with a top quark (this analysis). CMS has also published
a dedicated search focusing on a Z boson and a top quark [47], but they have also
published an inclusive analysis [48] and this search sets lower mass limits ranging
from 690 to 780 GeV depending on the branching fractions.
In the case of single-production of VLQ, the cross-section can be parametrized
in terms of the coupling λ or the mixing Vmix. In either case, indirect limits exist
on these variables from precision electroweak data [49]. However, these limits can
be relaxed for some composite Higgs models [50].
Chapter 3
Experimental Apparatus
Man is a tool-using animal. Without tools he is nothing, with tools he is
all.
Thomas Carlyle
3.1 The Accelerator and Complex
The Large Hadron Collider (LHC) [51] is a proton-proton collider located outside of
Geneva, Switzerland at CERN. It is designed to run at a center-of-mass energy of
14 TeV although in 2010 and 2011, it ran at
√
s = 7 TeV and in 2012 at
√
s = 8 TeV.
There are eight points around the ring where the proton beams can be brought
together for collisions and the two multipurpose detectors, ATLAS (A Toroidal LHC
ApparatuS) [52] and CMS (Compact Muon Solenoid), are located at points 1 and 5
respectively.
In order to get the protons from rest to 8 TeV, the LHC uses a series of ac-
celerators and injectors. Protons are extracted from ionized hydrogen gas and are
accelerated by a linear accelerator (LINAC), the Proton Synchrotron (PS), and the
Super Proton Synchrotron (SPS) before they are finally injected as proton bunches
into the LHC. The complex is shown in Fig. 3·1.
3.2 Hadron Collider Physics
As mentioned in Sec. 2.1.2, there is a large cross-section for top-quark pair production
at the LHC. However, another factor controlling the number of top quarks quark
pairs produced is luminosity. The number of events for some particular process (like
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Figure 3·1: The LHC injector chain [51].
top-quark pair production) is given by
N = L · σ , (3.1)
where N is the number of events produced in some dataset, σ is the cross-section
for that process and L is the luminosity integrated over time. Luminosity is a
measurement of the number of collisions that can be produced per unit area per
unit time. The integrated luminosity is a related quantity calculated by integrating
over time and the result is a number of collisions per unit area. The typical unit
used for cross-sections for nuclear and particle physics processes is a barn and a
picobarn is equal to 10−36 cm2. The LHC was designed to run with a luminosity up
to 1034 cm−2 s−1.
A number of unique particles are produced at the LHC, however, many of them
decay almost instantaneously, so in the end, there are only a few particles that reach
the detector: muons, electrons, photons, neutrinos, and hadrons. Due to the diffi-
culty in detecting neutrinos, both ATLAS and CMS infer the presence of neutrinos
from momentum imbalance. Electrons and photons can be differentiated because
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electrons are charged and therefore can produce tracks that bend in a magnetic
field, while photons do not leave tracks. Muons are charged, but they travel further
in the detector than the electrons and photons. This leaves the hadrons. These
are created from gluons and final state quarks which immediately form bound states
with other quarks creating a collimated spray of hadrons in the direction of the initial
quark. As discussed in Sec. 2.1.4, this cone-like shower of particles is referred to as a
jet and the process of a quark or gluon forming the hadrons in a jet is hadronization.
Most of the time it is not possible to tell what kind of quark created a jet.
However there are some exceptions. Due to its very short lifetime, the top quark
decays before it hadronizes and therefore it does not create a jet. Due to a longer
lifetime, jets from b-quarks can be identified with an efficiency of approximately
70% when light and charm quarks are rejected with factors of approximately 130
and 5 respectively (the rejection factor is calculated as 1 divided by the efficiency).
This technique is called b-tagging. The general idea is that the b-hadron travels
far enough in the detector (a few mm at energies > 10 GeV) that when it decays
and creates a jet of particles, the vertex where it decayed will be slightly displaced
from the primary vertex of the event. Multivariate methods are used to identify
these secondary vertices and determine whether they were created by b-jets. For
the detector hardware, this means that it is very important to identify primary and
secondary vertices as precisely as possible.
3.3 The ATLAS Detector
ATLAS is a cylindrically symmetric multipurpose detector 25 meters high and 44
meters long, weighing approximately 7000 tons. Proton bunches collide in the center
of the detector, and depending on the types of particles produced, the energy and
momentum of the decay products are measured by different parts of the detector.
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The detector is shown in Fig. 3·2.
Figure 3·2: An image of the ATLAS detector with sections of the de-
tector labeled [52]. The pixel detector, transition radiation tracker and
semiconductor tracker make up the inner detector, and the calorime-
ters are split into tile calorimeters, LAr hadronic endcap and forward
calorimeters, and LAr electromagnetic calorimeters.
The design of the detector is driven by its physics goals which include measur-
ing Standard Model processes and searching for evidence of new particles and new
physics. This means that it is important for the detector to have as close to 4pi solid
angular coverage as possible and to have good particle identification and momen-
tum resolution. Jets, photons, electrons and muons can all be identified with good
efficiency and neutrinos can be inferred from momentum imbalance. The missing
energy in the transverse direction is referred to as EmissT .
There are three main subdetector systems. The inner detector is immersed
in a 2 T magnetic field provided by a solenoid, and it is responsible for tracking
charged particles. It is very important for vertex reconstruction and tagging jets as
originating from b-quarks. Outside the inner detector are the electromagnetic and
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hadronic calorimeters. The calorimeters measure energy depositions from electrons
and photons (primarily in the electromagnetic calorimeter) and quarks or jets (in
the hadronic calorimeter). Finally the muon system lies in a toroidal magnetic field
on the outside of the detector and is responsible for tracking muons. This magnetic
field is provided by three large superconducting toroidal magnets. The three toroidal
magnets as well as the solenoid outside of the inner detector make up the magnet
system.
ATLAS also has three smaller forward detectors: LUCID (LUminosity measure-
ment using Cerenkov Integrating Detector) located ±17 m from the interaction point,
ALFA (Absolute Luminosity For ATLAS) located ±240 m from the interaction point,
and ZDC (Zero-Degree Calorimeter) located ±140 m from the interaction point. LU-
CID and ALFA are used for luminosity measurements (LUCID is the main online
relative-luminosity detector for ATLAS) and ZDC is used for heavy-ion collisions.
ATLAS uses a right-handed coordinate system with the origin at the interaction
point at the center of the detector, x-axis pointing towards the center of the LHC
ring, y-axis pointing upwards, and z-axis pointing along the beamline. Cylindrical
coordinates, r and φ, are used in the plane transverse to the beam line. Rapidity
(y) is defined as
y =
1
2
ln
(
E + pz
E − pz
)
. (3.2)
This is a useful variable to use because a difference in rapidity is invariant to
boosts along the z-axis and the z component of the momentum for the colliding
particles in each event is unknown. For massless particles this can be simplified to a
quantity called pseudorapidity (η). This is defined as
η = − ln tan
(
θ
2
)
, (3.3)
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where θ is the polar angle between the particle trajectory and the positive z-axis.
At a hadron collider when particles are produced at very high energies, rapidity and
pseudorapidity are approximately equal, and pseudorapidity is usually used because
it is easier to measure. Particle production at the LHC is approximately flat as a
function of y and the design of the ATLAS detector reflects this; in order to ensure
good coverage ATLAS is segmented in η.
The energy and direction of particles can therefore be expressed in terms of
pT (transverse momentum), η, φ and either energy (E) or mass (m). Transverse
momentum and transverse energy can be expressed as
pT = p sin θ, ET = E sin θ . (3.4)
The distance parameterR is also frequently used when clustering jets, for the cone
size of isolation requirements and to describe the radial distance between particles.
It is defined as
∆R =
√
∆η2 + ∆φ2 . (3.5)
3.3.1 The Inner Detector
The inner detector pictured in Fig. 3·3 provides tracking for charged particles within
|η| < 2.5 and it consists of a pixel detector (closest to the beam pipe), a semiconduc-
tor tracker and a transition radiation tracker (farthest away from the beam pipe).
It is cylindrical in shape and is 7.02 meters long with a radius of 1.15 m. It sits in a
magnetic field of 2 T provided by a solenoid and it is used for electron identification,
momentum measurements, and vertex finding. It also measures the displaced ver-
tices used for b-tagging. Since the inner detector is so close to the interaction point,
it had the additional challenge of being in a very high-radiation environment.
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Figure 3·3: Diagram of the ATLAS inner detector showing the loca-
tion of the barrel and endcap components of the pixel detector, semi-
conducter tracker, and transition radiation tracker [52].
All three trackers are built with a barrel and two endcaps. Since the pixel de-
tector is the closest part of the inner detector to the beam pipe it has the finest
granularity. There are three layers of pixel sensors which provide discrete high-
resolution space-points on which pattern recognition algorithms can be run. The
semiconducter tracker (SCT) is comprised of pairs of silicon micro-strip sensors (a
typical track would traverse 8 layers providing 4 space points) while the transition
radiation tracker (TRT) is made up of many layers of gaseous straw tubes. These
tubes have a diameter of 4 mm and are filled with a Xe-based gas mixture. The
average track through the TRT will have 36 hits. The layout of these subsystems is
shown in Fig. 3·4.
3.3.2 The Calorimeters
The calorimeters, which measure the energies of particle showers, are split into
electromagnetic (EM) and hadronic calorimeters as can be seen in Fig. 3·5. The
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Figure 3·4: View of the barrel of the ATLAS inner detector traversed
by a charged track with pT = 10 GeV. First the track passes through
the beryllium beam-pipe, then three layers of silicon pixels, four disks
with double layers of silicon-microstrip sensors, and approximately 36
straws contained in the transition-radiation tracker modules [52].
liquid-argon (LAr) electromagnetic sampling calorimeter is closer to the interaction
point and measures the energy and momentum of electrons and photons in the range
|η| < 3.2. It also measures the energy and momentum deposited by jets, which begin
showering in the EM calorimeter, although the two types of showers can be identified
based on the shower shape and type of interaction. The hadronic calorimeter catches
the remaining energy deposited by jets which travel farther in the detector and is
also used for EmissT measurements. The hadronic calorimeter in the range |η| < 1.7
uses scintillator tiles, while LAr technology is used in the endcaps (1.5 < |η| < 3.2).
Forward calorimeters used for both electromagnetic and hadronic energy measure-
ments also make use of LAr technology and extend the η range out to 4.9. The size
of both calorimeters is determined by the predicted size of the electromagnetic and
hadronic showers to minimize the number of particles from these showers that reach
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the muon system.
Figure 3·5: A diagram of the ATLAS calorimeters [52].
The EM calorimeter uses lead as the absorber and LAr as the active material
while the hadronic tile calorimeter uses steel and scintillating tiles. The EM calorime-
ter has finer granularity due to the importance of accurately measuring the energy
of electrons and photons and due to the difference in size between EM and hadronic
showers. In order to accurately determine if a shower comes from a jet or an electron
or photon, it is important to see the detailed shower shapes with fine granularity.
3.3.3 The Muon Spectrometer
Muons travel farther in the detector than any other particle apart from neutrinos
which are not seen in the detector at all (except as momentum imbalance). For
this reason the muon spectrometer shown in Fig. 3·6 is on the very outside of the
detector. It has four different types of chambers: two designed to make fast triggering
decisions, and two to precisely measure the momentum of the muons. The triggering
chambers are called Thin Gap Chambers (TGCs) and Resistive Plate Chambers
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Figure 3·6: The ATLAS muon system [52]. The barrel and endcap
toroids (labeled in figure) provide the magnetic field for these cham-
bers, the RPCs and TGCs are used for fast triggering, and the MDTs
and CSCs are used for precision momentum measurements.
(RPCs). The TGCs are located in both endcaps and the RPCs are located in the
barrel and these chambers cover a region out to |η| < 2.4. The precision chambers
are called Monitored Drift Tubes (MDTs) and Cathode Strip Chambers (CSCs).
The MDTs are located in both the barrel and the endcap, and the CSCs are used
at high pseudorapidity and close to the interaction point due to the high flux of
particles in this region. These chambers cover the range |η| < 2.7.
Muon tracks through the muon spectrometer are deflected by the three toroidal
magnets. The tracks are reconstructed in the muon system chambers using software
that forms a coincidence of hits in layers of chambers, and the hit pattern and amount
of deflection from the magnetic field is used for precision momentum measurements.
The muon tracks through the muon spectrometer are also matched to tracks in
the inner detector for better identification. The chambers are arranged in three
layers as can be seen in Fig. 3·7. These layers are cylindrical around the beam pipe
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in the barrel region with radii of approximately 5 m, 7.5 m, and 10 m and they are
perpendicular to the beam pipe in the endcaps, located at distances of approximately
7.4 m, 10.8 m, 14 m, and 21.5 m from the interaction point in both directions. There
is a gap at η = 0 to leave space for services to the solenoid magnet, calorimeters and
the inner detector. There are other gaps in the acceptance due to the feet of the
detector.
Figure 3·7: Layout of the muon chambers shown for one quarter of
the detector. The interaction point is at the bottom right part of the
diagram and the beam pipe runs along the bottom. Three layers of
chambers can be seen in the endcap of the detector on the left side of
the figure and three layers of chambers can be seen in the barrel on
the right side [53].
The MDT chambers, used for most of the precision measurements, consist of
three to eight layers of drift tubes with Ar/CO2 gas, and these chambers achieve a
resolution of about 35µm per chamber. The layout and dimensions of each chamber
are determined by the distance from the interaction point.
3.3.4 The Magnet System
There are four large superconducting magnets as part of the ATLAS detector. The
magnet system as a whole stores 1.6 GJ of energy and provides a magnetic field
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in a volume of approximately 12,000 m3. The layout of this system is shown in
Fig. 3·8. One central solenoid aligned on the beam axis surrounds the inner detector
immersing it in a 2 T axial magnetic field. This solenoid is 5.3 meters long with a
diameter of 2.5 meters and is designed to minimize the material thickness in front of
the calorimeters. Three additional toroidal magnets with eight coils each lie outside
of the calorimeters and provide the magnetic field for the muon system. One large
toroid surrounds the barrel of the detector and there is one in each endcap. The
barrel toroid is the largest. It is 25.3 m in length with inner and outer diameters of
9.4 and 20.1 m, respectively.
Figure 3·8: Diagram of ATLAS magnet system and geometry [52].
The central solenoid provides a magnetic field for the inner detector,
while the barrel and endcap toroids provide a magnetic field for the
muon spectrometer.
3.4 The ATLAS Trigger System
At the LHC in 2012, the proton bunch crossing rate was 20 MHz. However, the
rate of producing interesting physics, such as events with top quark pairs, is much
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Figure 3·9: Recording rates per month for various Event Filter
streams in 2012.
smaller. For this reason, it is essential to have a trigger which can quickly make a
decision about whether to record the event. The ATLAS trigger selects events using
a three-level system. The final event recording rate was designed to be approximately
400 Hz, but was increased over time. More precise final recording rates per month
are shown in Fig. 3·9.
The ATLAS level 1 trigger (L1) is implemented using custom-built hardware and
only has access to a fraction of information from a subset of detectors. This is due
to the fact that the L1 trigger has a very short amount of time to make a decision.
Information about specific regions of interest (ROI) that pass the L1 trigger are
sent to the level 2 trigger. The level 2 (L2) trigger is implemented with software.
It has access to full-granularity and full-precision information from most detectors,
but only for a ROI passed to it from L1. Finally at the EF, the full event data is
accessible, and the trigger software makes a final decision as to whether or not the
event will be recorded. In 2012 the event recording rate was reduced at each level
by factors of 300, 10 and 10, at L1, L2, and the EF respectively.
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3.4.1 The Muon Trigger
In order to select events that can be used for different analyses, the ATLAS trigger
uses many trigger chains (sequences of L1, L2, and EF requirements) which require
different physics objects. Muons are one of the most important physics objects used
for triggering due to the fact that muons with high pT appear in many interesting
signal events, but only a tiny fraction of events from pp collisions have muons in
them. They were essential to the discovery of the Higgs boson [54, 12], especially
in the decay channel H → ZZ → 4µ, and muons are also produced in top quark
decays.
Muon tracks can be detected in the muon spectrometer alone (referred to as
stand-alone or SA muons) or they can be combined with tracks from muons in the
ID (these are referred to as combined muons). At L1, hits from the muon’s path
through the trigger chambers are used to estimate the pT of the muon and determine
which, if any, of 6 pT thresholds the muon candidate passes. If it does pass one of the
thresholds, the threshold and position information is sent to L2. The pT thresholds
used in 2012 were: 4, 6, 10, 11, 15, and 20 GeV.
The L2 muon trigger uses more precise information from the MDTs in that region
to better identify and estimate the pT of the muon candidate. Tracks from the ID
are combined with tracks found by the L2 SA algorithm and an isolation algorithm
incorporates tracking and calorimeter information to find isolated muon candidates.
A look-up table is used to determine the pT of the muon in order to obtain the best
estimate in as short an amount of time as possible.
Finally at the EF the full event data is accessible and there are two reconstruction
algorithms used to form the muon candidate. The outside-in algorithm starts from
the L2 ROI and reconstructs segments and tracks using information from the muon
spectrometer. The track is extrapolated back to the beam line to determine the track
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Figure 3·10: Mean processing time for the EF outside-in and inside-
out algorithms in 2011 [55].
parameters at the interaction point. This forms the muon EF SA trigger candidate.
The SA track can then be combined with an ID track to form the muon EF CB
trigger candidate. The inside-out algorithm works in the opposite direction. It
starts with ID tracks and extrapolates them to the muon spectrometer. Due to the
busy environment of the ID this algorithm is slower as can be seen from Fig. 3·10.
The complementary strategies minimize the risk of losing events and both of these
algorithms were used in 2011, but in 2012 they were combined so that the inside-out
algorithm was only run if the outside-in algorithm did not find a candidate.
There are many different muon triggers for different purposes. There are low pT
dimuon triggers that are used for B physics, medium pT dimuon triggers, high pT
single muon triggers, and there are other triggers which require muons in addition
to other particles such as electrons, jets, and EmissT . Each of these muon triggers
is called a trigger chain because there are different requirements for each one at
each level. For example, the “mu18 medium” trigger chain run in 2011 was used
as one of the triggers for the analysis presented in Sec. 4. This trigger required a
muon candidate to pass a 10 GeV threshold with three-station coincidence at L1,
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then at L2 it required a SA muon candidate with a pT threshold of 6 GeV to form
a combined muon candidate with a pT threshold of 18 GeV, and finally at the EF it
required either the outside-in or inside-out algorithms to return a muon candidate
with pT > 18 GeV.
3.5 Data Taking
The LHC delivered a total integrated luminosity of 5.46 fb−1 in 2011 and 22.8 fb−1
in 2012. The total integrated luminosity delivered as a function of time is shown in
Fig. 3·11. ATLAS performed extremely well. From 2010 to 2011 the peak instan-
taneous luminosity was increased and as a result, more data was collected, but also
the data-taking conditions became more challenging.
Month in Year
Jan Apr Jul Oct Jan Apr Jul Oct
-1
fb
To
ta
l In
te
gr
at
ed
 L
um
ino
sit
y 
0
5
10
15
20
25
30
ATLAS
Preliminary
 = 7 TeVs2011,  
 = 8 TeVs2012,  
LHC Delivered
ATLAS Recorded
Good for Physics
-1 fbDelivered: 5.46
-1 fbRecorded: 5.08
-1 fbPhysics: 4.57
-1 fbDelivered: 22.8
-1 fbRecorded: 21.3
-1 fbPhysics: 20.3
Figure 3·11: Total integrated luminosity delivered and recorded by
ATLAS as a function of time in 2011 at
√
s = 7 TeV and in 2012 at√
s = 8 TeV. The data shown as “Good for Physics” was recorded
with all relevant subdetector systems operational.
The largest way in which the data-taking conditions became challenging was the
increase in in-time and out-of-time pile-up. The peak instantaneous luminosity was
increased over the course of the year which meant that there were more collisions on
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average at each bunch crossing. In-time pile-up refers to the other collisions from
the same bunch crossing as the event being studied. Using jets in tt¯ events as an
example, there is some chance that one of the jets in a given event was, in fact, from
a different collision in the same bunch crossing. Good vertex finding is essential
for determining which collision each particle came from. There is also out-of-time
pile-up which refers to particles still in the detector from previous bunch crossings.
The increase in pile-up from 2010 to 2012 can be seen from Fig. 3·12 which shows
the peak and mean number of bunch crossings increasing over time.
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Figure 3·12: The pile-up and number of interactions per bunch cross-
ing increased greatly over the data-taking periods from 2010 to 2012.
The maximum mean number of events per bunch crossing (during sta-
ble beam periods) as a function of day in 2010, 2011, and 2012 is
shown in 3.12(a) while the luminosity-weighted distribution for the
mean number of interactions per bunch crossing is shown in 3.12(b).
Chapter 4
Normalized Differential Cross-Section Measurements of
Top-Quark Pair Production
One accurate measurement is worth a thousand expert opinions.
Grace Hopper
Understanding the kinematics of top-quark pair production is important for a
variety of reasons. The distributions of variables such as the invariant mass of the tt¯
pair and the pT of each top quark could be sensitive to new physics [56]. Differential
cross-section measurements also provide an important test of parton distribution
functions and theoretical predictions based on perturbative QCD calculations. Fi-
nally, top-quark pair production is an important background for many other physics
analyses (for example Higgs boson measurements) and in order for these measure-
ments and searches to correctly estimate the contribution from this process, its
kinematic properties must be accurately simulated.
The differential cross-section for top-quark pair production in the semi-leptonic
channel is performed using the dataset collected in 2011 with a center-of-mass en-
ergy of 7 TeV, corresponding to a total integrated luminosity of 4.6 fb−1 [13]. The
differential cross-section is measured with respect to the transverse momentum of
the hadronically decaying top quark (pT
t), and the mass (mtt¯), transverse momen-
tum (pT
tt¯), and absolute rapidity (ytt¯) of the tt¯ system. The measurements are
presented normalized to the integral over bins because in this way any systematic
errors unrelated to the shapes of the distributions cancel in the ratio and as a result
the uncertainties on the normalized measurements are smaller than on the absolute
distributions.
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A previous ATLAS analysis measured the differential cross-section of tt¯ produc-
tion with respect to mtt¯, pT
tt¯ and ytt¯ with 2 fb
−1 [57]. However, this measurement
supersedes the previous one with an additional variable (pT
t), increased dataset
size, and reduced systematic uncertainties. The reduced uncertainties allow the pT
tt¯
spectrum to be unfolded with an extra bin providing more shape information. This
analysis also differs in that it uses a regularized unfolding method (Singular Value
Decomposition) instead of Matrix Inversion.
The analysis is performed by first selecting events in the muon and electron chan-
nels and reconstructing the tt¯ pair using a kinematic likelihood fitter. For each vari-
able of interest, the predicted backgrounds from the measured data are subtracted
from the measured distributions. In order to compare the final results to theoret-
ical predictions, it is important to account for the effects from detector resolution
and acceptance. This is done by constructing a migration matrix from Monte Carlo
simulation and using this matrix to unfold the background subtracted distributions.
The measured efficiency is also used to obtain a full phase-space result and the fi-
nal differential cross-section measurements are defined with respect to top quarks at
parton level; the top quark after QCD radiation but prior to the decay into a W
boson and a b-quark.
Since this is the first measurement with respect to pT
t, in the following sections
special attention will be paid to this variable. Some studies presented in the following
sections will be shown for all variables, and some just for pT
t. In addition, the final
results for pT
t will focus on the hadronically-decaying top quark. Although the pT
spectra from the hadronically- and leptonically-decaying top quarks are very similar
in shape, the uncertainty is smaller for the hadronically-decaying top-quark pT. This
is because the leptonically-decaying top quark is reconstructed using EmissT which is
difficult to measure and has a large uncertainty associated with it because it relies
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Sample Generator Parton shower PDF Tune
Alpgen+Herwig Alpgen v2.13 Herwig v6.520 and Jimmy v4.31 CTEQ6L1 [59] ATLAS AUET2 [60]
MC@NLO+Herwig MC@NLO v4.01 Herwig v6.520 and Jimmy v4.31 CT10 ATLAS AUET2
Powheg+Herwig Powheg-hv1, patch4 [61] Herwig v6.520 and Jimmy v4.31 CT10 ATLAS AUET2
Powheg+Pythia Powheg-hv1, patch4 Pythia6 [62] CT10 Perugia 2011C [63]
Table 4.1: Summary of the generators, parton shower/multiple par-
ton interaction model, PDF sets, and tunes with corresponding ver-
sions used for each tt¯ signal Monte Carlo sample. The default simula-
tion used for unfolding the measured data is Alpgen+Herwig, but
all are used for comparisons with the final results.
on accurately measuring everything else in the event.
4.1 Data and Simulation Samples
The data used for this analysis were collected with ATLAS at the CERN LHC using
pp collisions from 2011 at
√
s = 7 TeV. Events were recorded using single lepton
(electron or muon) triggers when all relevant sub-detector systems were operational
and when there were stable beam conditions. The single muon trigger required at
least one muon with at least 18 GeV of pT while the single electron trigger had a pT
threshold of 20 and 22 GeV. The pT threshold used for the single electron trigger
was raised during data taking to compensate for an increase in luminosity. The total
integrated luminosity for this dataset is 4.6 fb−1 and the uncertainty on this value is
1.8% [58].
Several different generators are used to model tt¯ production, and all samples as-
sume a top-quark mass of 172.5 GeV. They are also all normalized to approximate
NNLO calculations [40] for the cross-section: σtt¯ = 167
+17
−18 pb. The signal generators
used for comparisons with the final results are summarized in Table 4.1. The default
signal sample generator used to unfold the measured distributions is Alpgen [64]
which uses Herwig [65] to model the parton shower with Jimmy [66] for modeling
multiple-parton interactions. Although Alpgen is a leading-order (LO) genera-
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tor, Feynman diagrams with up to five additional partons are taken into account
when calculating the matrix element and the MLM matching scheme [67] is used to
match these with the parton shower. This sample is chosen as the default mainly
due to its modeling of the jet multiplicity spectrum. A comparison of the mea-
sured jet multiplicity spectrum compared to predictions using Alpgen+Herwig
and MC@NLO [68]+Herwig is shown in Fig. 4·1. In both the electron and muon
channels MC@NLO+Herwig underestimates the number of events with a large
number of jets and this leads to a difference in the predicted efficiency to pass the
requirement placed on the number of jets in the event.
The tt¯ dilepton decay channel is considered a background process for the pur-
pose of this analysis, and is modeled using the same Alpgen+Herwig sample
as is used for the tt¯ signal. Single top quarks are produced via electroweak reac-
tions in three channels: the s-channel and Wt-channel process are simulated using
MC@NLO+Herwig with the CT10 PDF set and the t-channel process is sim-
ulated using AcerMC [69]+Pythia with the MRSTMCal PDF [70]. The back-
grounds from W+jets and Z+jets are both simulated with Alpgen+Herwig with
the CTEQ6L1 PDF set, and diboson samples (production ofWW , WZ, ZZ) are gen-
erated using Herwig with the MRSTMCal PDF set. The W+jets events containing
additional heavy-flavor quarks are generated separately, and then an overlap-removal
procedure is used to remove any double counting.
All of the simulated samples described above were passed through a full simula-
tion of the ATLAS detector [71] based on GEANT4 [72]. Two additional samples
used to evaluate the systematic uncertainty due to initial and final state radiation
are described in Sec. 4.8 and these use a fast simulation of the ATLAS detector
(AF2) [73]. Both in-time and out-of-time pile-up are simulated using minimum bias
events generated with Pythia6 using the ATLAS AMBT2B CTEQ6L1 tune [74]
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Figure 4·1: The jet multiplicity distribution using the Alp-
gen+Herwig and MC@NLO+Herwig generators to model the tt¯
signal in the e+jets and µ+jets channels. The tt¯ signal is shown as a
white histogram, while the background predictions are shown as dif-
ferent colors with small backgrounds due to diboson and Z+jets pro-
duction grouped together as “Other”, and the measured data in each
bin is marked with black points. The hashed black areas represent
the combined systematic and statistical uncertainty on the prediction
while the error bars on the data points represent the statistical error on
the measured data. Systematic uncertainties related to the modeling
of the tt¯ signal are not included.
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and all of the MC simulation samples for the signal and backgrounds are corrected
so that the average number of interactions per bunch crossing matches the distribu-
tion in data. The identification efficiencies for physics objects and energy scales of
physics objects are also corrected to match distributions in data.
4.2 Event Reconstruction
The event selection discussed in this section is optimized for the final-state objects
expected in semileptonic tt¯ decay: an isolated lepton, a neutrino, two b-jets, and two
light-flavor jets. The lepton and neutrino should reconstruct a W boson, and the
selection described here takes advantage of this by using the W boson transverse
mass as a discriminating variable. Quality requirements are applied to individual
physics objects and overlap removal is used between physics objects. Requirements
in the electron and muon channels (events for which the single isolated lepton is an
electron or a muon) are as uniform as possible.
4.2.1 Object Reconstruction and Identification
Primary vertices in the event are formed by extrapolating tracks back to the in-
teraction region. Once the vertices are reconstructed, the primary vertex from the
hard-scatter event is chosen as the primary vertex with the most high pT tracks
associated with it. This is quantified as√∑
tracks
pT2 , (4.1)
where the sum is calculated using all tracks with pT > 0.4 GeV associated with the
vertex.
Electron candidates are reconstructed from energy depositions in the EM calorime-
ter associated with tracks in the inner detector. Then they are required to satisfy
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the following criteria:
• Electron candidates are required to have pT > 25 GeV, however, electrons with
pT > 15 GeV are used for overlap removal and the additional lepton veto.
• The cluster of energy deposits in the calorimeter [75] that is used to form an
electron candidate is required to be within |ηcl| < 2.47, and it is also required to
avoid the transition region between the barrel and endcap (1.37 < |ηcl| < 1.52).
• Electrons are required to be isolated. This is done using the energy deposited in
a cone with radius ∆R = 0.2 and the pT of tracks in a cone with ∆R = 0.3. The
isolation requirements are optimized for 90% isolation efficiency as a function
of the electron ηcl and ET .
• In order to achieve good separation between the electron and jet definitions
electrons must pass additional quality requirements on calorimeter and track
variables.
Muon candidates are selected using tracks in the inner detector and the muon
spectrometer and then required to satisfy the following criteria:
• Muons are required to have pT > 25 GeV. This threshold was chosen in order
to keep the requirements in the e+jets and µ+jets channels as symmetric as
possible. Muons with pT > 15 GeV are used for overlap removal and the
additional lepton veto.
• Muons are required have tracks in both the inner detector and the muon spec-
trometer.
• Muons are also required to be within the acceptance of both these detectors
with |η| < 2.5.
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• Muon candidates are required to match the trigger object.
• A muon is required to be isolated. This is done in two ways:
– The transverse energy in a cone around the muon with radius ∆R = 0.2
is required to be less than 4 GeV. The transverse energy used is measured
by energy deposits in the calorimeter.
– The scalar sum of the transverse momentum of tracks in a cone around
the muon with a radius ∆R = 0.3 is required to be less than 2.5 GeV.
• Muon tracks are required to have a hit in the innermost pixel layer (if expected
based on the detector geometry), at least six hits in the SCT (if expected) and
no more than two missing hits along the track trajectory through the pixel and
SCT. There are also requirements on the track quality in the TRT.
Jets are reconstructed from topological clusters [76] in the calorimeters at the
EM scale using the anti-kt algorithm [77] with a distance parameter of R = 0.4. A
variable called the Jet Vertex Fraction (JVF) is used to reduce the number of jets
from in-time pile-up. The JVF is the sum of the pT of tracks in the jet that point
back to the primary vertex divided by the sum of the pT from all tracks in the jet,
and it quantifies the probability that the jet came from the primary vertex. If the
jet has no matched tracks the JVF is given a value of −1 and this jet is kept for
analysis. Jets are also required to satisfy the following criteria:
• |JVF| ≥ 0.75
• Jets are required to have pT > 25 GeV.
• Jets are required to have |η| < 2.5.
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• Jets determined to have come from hardware problems, beam-gas interactions
and other sources are also removed with additional jet quality criteria.
Since there are two b-quarks in the tt¯ final state, it is important to be able to
determine, with a reasonable efficiency, if a jet originated from a b-quark. This is
done using a combination of three different b-tagging algorithms (IP3D, SV1, and
JetFitter) [78, 79]. JetFitter uses b- and c-hadron decays within jets. It finds a
common line on which the primary vertex and the vertices from these weak b− and
c-hadron decays lie as well as their position on the line. This gives an approximate
flight path for the b-hadron. A likelihood is then used to discriminate between jets
from b-, c-, and light-quarks based on this and additional variables. SV1 measures the
decay length significance in three dimensions, and combines this with an additional
three vertex properties: the invariant mass of all jets associated with a vertex, the
ratio of the sum of the energies of the tracks in the vertex to the sum of the energies
of all tracks in the jet, and the number of two-track vertices. These variables are
combined using a likelihood ratio technique. IP3D also uses a likelihood ratio, but
the input distributions are two-dimensional: the signed transverse impact parameter
significance and the longitudinal impact parameter significance of tracks. The impact
parameter is the distance of closest approach of a track to the primary vertex and the
impact parameter significance is the impact parameter divided by the uncertainty
on the impact parameter. The results from these three algorithms are combined
using a neural network to form a variable referred to as MV1. Depending on the
efficiency for correctly identifying b-jets required for the analysis (in this case 70%
was chosen) a corresponding MV1 weight is used for the b-tagged jet definition. For
the 70% operating point there is a rejection factor of about 5 for c-jets and 100 for
light-flavor jets [80].
The energy associated with the neutrino cannot be measured directly, and instead
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is inferred from missing transverse momentum (EmissT ). This is calculated from the
momentum imbalance of the vector sum of the calorimeter cell energies (with η <
4.9). Calorimeter cell depositions associated with physics objects are corrected based
on dedicated calibrations for each object type, and calorimeter cell depositions not
associated with physics objects are also used and referred to as cell-out terms.
4.2.2 Event Selection
Events must first pass the single lepton trigger. This means that in the muon channel
at L1 there must be a muon with pT > 10 GeV and at the EF there must be a
combined muon with pT > 18 GeV. In the electron channel, there must be an
electromagnetic energy cluster in the calorimeter with ET > 14 GeV and this must
form an electron candidate at the EF with ET > 20 GeV or in later data-taking
periods ET > 22 GeV.
Events with electrons and muons sharing the same track are rejected. This is
determined by checking to see if δφ(e, µ) < 0.005 using the tracks of these objects.
Overlap removal is also performed between the leptons and jets. First overlap re-
moval between electrons (using a pT threshold of 15 GeV) and jets is used to remove
jet objects that are actually electrons. All jets with an axis within ∆R = 0.2 of an
electron candidate are removed from the event. This overlap removal is important
because during jet reconstruction there is no distinction made between calorimeter
energy deposits due to electrons and calorimeter energy deposits due to jets. If, after
these jets are removed, there is still a jet within ∆R = 0.4 of the electron candidate,
then the electron is discarded. Next, overlap removal between jets and muons is used
to remove muons that overlap with jets, typically due to heavy flavor decays. If the
selected muon is within ∆R = 0.4 of a jet then it is removed from the event.
After the overlap removal has been performed, events are required to contain
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exactly one electron or muon (here a pT threshold of 15 GeV is used). This electron
or muon is then required to match the electron or muon that triggered the event.
Event selection
Trigger Single lepton
Primary vertex ≥ 5 tracks with pT > 0.4 GeV
Exactly one Muons: pT > 25 GeV, |η| < 2.5
isolated lepton Electrons: pT > 25 GeV
|η| < 2.47, excluding 1.37 < |η| < 1.52
≥ 4 jets pT > 25 GeV, |η| < 2.5
b-tagging ≥ 1 b-tagged jet at b = 70% operating point
EmissT E
miss
T > 30 GeV
mWT m
W
T > 35 GeV
Kinematic fitter logL > −50
Table 4.2: Summary of all requirements included in the event selec-
tion [13].
The remaining event-level selections are summarized in Table 4.2. In both chan-
nels events are required to contain at least four jets, and at least one of these must
be b-tagged. Despite there being two final-state b-quarks in the event, only one is
required due to the imperfect efficiency of the b-tagging algorithm. Also in both
channels there is a requirement of at least 30 GeV of EmissT and the transverse mass
of the W is required to be greater than 35 GeV. The transverse mass is calculated
from the lepton and neutrino and defined as
mT (W ) =
√
2pT`pTν(1− cos(φ` − φν)) , (4.2)
where ` denotes the kinematic properties of the lepton, pT
ν is EmissT , and φ
ν is the
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azimuthal component of the EmissT vector. The final requirement shown in Table 4.2
refers to the kinematic likelihood fit. The kinematic likelihood fit is used to recon-
struct the tt¯ pair and is described in detail in Sec. 4.2.3. The final yields for the
signal, data, and background samples in both the e+jets and µ+jets channels are
shown in Table 4.3.
e+jets µ+jets
tt¯ (`+jets) 11200± 1500 13100± 1600
tt¯ (dilepton) 850± 140 930± 140
Single top 560± 120 660± 150
W+jets 920± 240 1300± 300
Multijet 400± 200 200± 40
Z+jets 160± 70 89± 31
Diboson 22± 9 25± 9
Prediction 14100± 1600 16300± 1700
Data 13167 15752
Table 4.3: Number of events that pass the event selection for the
tt¯ signal, each background process, and the data [13]. Uncertainties
come from both statistical and systematic sources which are described
in Sec. 4.8. The generator systematic is included but other systematics
related to the modeling of the tt¯ system are not.
4.2.3 Kinematic Reconstruction
A kinematic likelihood fitter [81] is used to reconstruct the tt¯ system. The likelihood
fitter uses the energies and directions of up to five jets in the event (if there are
more, then only the five with highest pT are used), the energy and direction of the
lepton, the EmissT , and the b-tagging information. Then it constructs a likelihood
function and an event probability for each permutation of the jets in the event. The
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likelihood function has the form
L =
(
4∏
i=1
TF(E˜i, Ei)
)
· TF(E˜`, E`) · TF(Emissx |pνx) · TF(Emissy |pνy)
·BW (mjj|MW ) ·BW (m`ν |MW ) ·BW (mjjj|Mtop) ·BW (m`νj|Mtop) ,
(4.3)
where the index i runs over jets, the first line contains transfer functions relating the
measured energies to the corresponding parton-level quantities, and the second line
contains Breit-Wigner functions constraining the decay products of the W boson and
top quark to reconstruct the known W boson and top quark masses. The transfer
functions are derived from MC@NLO+Herwig MC simulation and represent the
experimental resolution.
The EmissT is used as a starting value for the neutrino pT and the z-component
of the neutrino pT is computed using the W mass constraint. If there are no real
solutions, then 0 is used as the starting value for pT
ν
z , and if there are two real
solutions then the one resulting in the better likelihood is used.
For each permutation of jets in the event, this likelihood is then used to create
an event probability. In order to positively weight permutations where b-tagged jets
are assigned to the b-quarks and to reduce the chances of choosing a permutation
where a b-tagged jet is assigned to a light quark, the event probability is multiplied
by the term
∆p =
{
, bhad was b-tagged
(1− ), bhad was not b-tagged
}
·
{
, blep was b-tagged
(1− ), blep was not b-tagged
}
·
{
1
R
, q1 was b-tagged
(1− 1
R
), q1 was not b-tagged
}
·
{
1
R
, q2 was b-tagged
(1− 1
R
), q2 was not b-tagged
}
,
(4.4)
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where  is the b-tagging efficiency and R is the b-tagging rejection factor for light
jets. The permutation with the highest event probability is chosen to reconstruct
the tt¯ pair.
In order to promote events with the correct assignment of jets to partons, and
to increase the ratio of signal to background, the log(L) for the chosen permutation
of jets is required to be greater than −50. As can be observed from the shape
of the likelihood distribution shown in Fig. 4·2, there is a dip in the distribution
at this point which has been studied elsewhere and is mainly due to incorrectly
switching the assignment of the b-jets [82]. There is also a difference between data
and prediction in the peak of the distribution. This is mainly due to an overall
difference in normalization between data and prediction, but there is also a small
difference in the efficiency for events to satisfy the requirement log(L) > −50. The
ratio between the simulated and observed efficiencies is 0.98 and the simulation is
corrected to account for this difference. A systematic uncertainty is also assigned to
this correction as will be discussed in Sec. 4.8.
4.3 Background Determination
The various background processes are determined using a combination of data-driven
techniques, MC simulations, and theoretical predictions. The largest background is
W+jets. This and the multijet backgrounds are determined using data while the
other backgrounds are taken from simulation and normalized to theoretical predic-
tions.
4.3.1 Simulated Backgrounds
The single top quark, dilepton tt¯, Z+jets, and diboson backgrounds are simu-
lated with MC generators as explained in Sec. 4.1 and normalized to theoretical
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Figure 4·2: The log(L) distribution in the e+jets and µ+jets chan-
nels [13]. Uncertainties come from both statistical and systematic
sources which are described in Sec. 4.8. Systematics related to the
modeling of the tt¯ system are not included.
cross-section calculations. The dilepton tt¯ background is normalized to the signal
cross-section as already explained. The single top-quark sample is normalized to
NLO+NNLL predictions for each production channel. The t-channel is normalized
to 64.6+2.6−1.7 pb [83], the s-channel is normalized to 4.6 ± 0.2 pb [84], and the Wt-
channel is normalized to 15.7 ± 1.2 pb [85]. Example diagrams for single top-quark
production are shown in Fig. 4·3. The Z+jets background is normalized using a
NNLO calculation for inclusive Z production [86] and the diboson background is
normalized to NLO calculations [87].
4.3.2 W+jets
The shape of the W+jets background is taken from simulation as explained in
Sec. 4.1, but the normalization and the fraction of events with a b-tagged jet are
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Figure 4·3: Example diagrams for single top-quark production in the
t-channel (left) and Wt-channel (right).
taken from data due to the large theoretical uncertainties on the calculations of the
cross-sections and heavy flavor fractions. Since this is the largest background pro-
cess, it is important to reduce uncertainties on this background as much as possible.
An example diagram for production of a W -boson with two jets is shown in Fig. 4·4.
Events with two jets are initially used to determine both the normalization and
flavor fractions, and then these results are extrapolated to events with four jets
afterwards. The normalization of the W boson+jets background before requiring a
b-tagged jet can be written as a function of the ratio between the number of pp→ W+
events to the number of pp → W− events as described below. Initially this ratio is
taken from MC, however, it depends on the heavy flavor fractions discussed below.
The first estimate of the number of W boson events before b-tagging is used to
determine the heavy flavor fractions, and then the heavy flavor fractions are used
to obtain a more accurate value for the ratio between W+ and W− events. This
procedure is iterated until the numbers converge.
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Figure 4·4: An example diagram for W boson production with two
jets in the final state.
Normalization
Since the LHC is a pp collider, due to the proton parton distribution functions, there
is a higher chance of producing a W+ boson than there is of producing a W− boson.
This ratio can be predicted with much greater precision than the overall cross-section
for W + njets production, and can be used to determine the overall normalization in
data for each jet multiplicity before applying any b-tagging requirements (NW,pretagnjets ).
Apart from the requirements on the number of jets or the number of b-tags, a similar
event selection is applied to the data sample and then the following formula can be
used in the e+jets and µ+jets channels
NW,pretagnjets = N
W+
njets
+NW
−
njets
=
(
rMCnjets + 1
rMCnjets − 1
)
(D+njets −D−njets) , (4.5)
where D+njets is the total number of data events with positively charged leptons, D
−
njets
is the total number of data events with negatively charged leptons, njets is the num-
ber of jets in the event, and rMCnjets is the ratio between W
+ events to W− events
determined from MC simulation. This formula is only accurate because there are
approximately equal numbers of events with positively charged leptons and nega-
tively charged leptons for all processes other than the production of W+jets. Other
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small sources of asymmetry (such as single top-quark production) are estimated from
MC and subtracted from the data.
The ratio rMCnjets is determined from PDFs and also from the heavy flavor fractions
discussed in the next section, and both of these contribute to the uncertainty for this
method. The ratio increases as a function of the jet multiplicity because larger num-
bers of jets probe larger values of the parton momentum fraction and the difference
between the PDF for the up and down quarks is larger there.
Heavy flavor fractions
Heavy flavor (HF) fractions, the fraction of W+jets events where the W is produced
in association with b-quarks or c-quarks, are important for determining the number
of events left after requiring a b-tagged jet. Events with two b-quarks, two c-quarks,
and one c-quark are significant parts of the W+jets background when selecting events
with a lepton and at least two jets.
In order to determine the HF fractions, a sample of events with two jets is used
and this result is extrapolated to other jet bins (events with different jet multiplici-
ties). Samples with different numbers of jets were tried, but the two-jet bin is used
because the W+jets process is dominant in this region and it results in the smallest
systematic uncertainty.
The number of W+2 jet events after requiring a b-tagged jet (NW,tag2 ) can be
written in terms of the flavor fractions in the two-jet bin
NW,tag2 = N
W,pretag
2 (Fbb,2Pbb,2 + Fcc,2Pcc,2 + Fc,2Pc,2 + Flight,2Plight,2) , (4.6)
where NW,pretag2 is the number of events before requiring a b-tag evaluated from
equation 4.5, the Fx,2 variables represent the flavor fractions in the two-jet bin, and
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the Px,2 variables represent the b-tagging probabilities which are determined from
MC simulation. The number of events NW,tag2 , is measured from data, subtracting all
contributing processes in this region that are not W+jets (other processes derived
from simulation as well as the data-driven multijet background).
The flavor fractions must add up to 1 in each jet bin
Fbb,2 + Fcc,2 + Fc,2 + Flight,2 = 1 . (4.7)
The number of variables in this equation can be reduced by writing Fcc,2 in terms
of Fbb,2 by measuring the ratio between cc and bb fractions in MC, and denoting this
ratio kcc→bb
Fbb,2 + kcc→bb · Fbb,2 + Fc,2 + Flight,2 = 1 . (4.8)
Events with W + bb, W + cc, and W + light are produced dominantly from the
valence u and d quarks, while W+c events are mainly produced from an s-quark and
s-antiquark. Since the s-quark and s-antiquark PDFs are approximately symmetric,
but the valence u and d PDFs are not, equation 4.6 can be applied separately for
events with positive and negative leptons, and then the fractions can be determined
from this and Eq. 4.8.
Once the Fx,2 variables are calculated, these factors can be applied to the MC
simulation in order to determine the ratio rMCnjets more accurately. This ratio is then
plugged back into Eq. 4.5 to obtain a more accurate value for NW,pretag2 . This new
value can be used in Eq. 4.6 and this iteration continues until there are no significant
changes.
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The flavor fractions in the two-jet bin are corrected by applying scale factors
Kx,i =
F datax,i
FMCx,i
. (4.9)
This can be extrapolated, and scale factors can be applied for events with greater
than two jets as
Kx,i =
Kx,2
A
, (4.10)
where A is
A = Kbb,2F
MC
bb,i +Kcc,2F
MC
cc,i +Kc,2F
MC
c,i +Klight,2F
MC
light,i , (4.11)
which ensures that the HF fractions will add to 1 for each jet multiplicity.
Finally, once the HF fractions have been determined, and the number of W+jets
events before requiring a b-tag has been found for the ≥ 4 jet sample, then the
number of W+jets events with a b-tag in the ≥ 4 jet sample, NW,tag≥4 , is given by
NW,tag≥4 = N
W,pretag
≥4 · f tag2 · f tag2→≥4 , (4.12)
where f tag2 is the fraction of events in the two-jet bin with a b-tagged jet and f
tag
2→≥4
is the ratio between the b-tagged event fractions in the two-jet bin and the ≥ 4 jet
bin. This is obtained from W+jets MC simulation with corrected flavor fractions.
4.3.3 Multijet
The multijet background is made up of data events with “fake leptons” and fake
EmissT . These come from jets which are misidentified as leptons or leptons produced
from jets (non-prompt leptons) which are misidentified as prompt, isolated leptons.
Since muons provide a relatively clean signature that is more easily distinguished
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from a jet, the multijet background in the e+jets channel is much larger than it is
in the µ+jets channel as can be seen in Table 4.3.
The fake lepton background is estimated using the “matrix method”, defining two
control samples in data: one with the tight lepton definition used in the rest of the
analysis, and one with a looser lepton definition. The looser lepton definition does not
include any isolation requirements, and some of the additional quality requirements
are also relaxed. The number of events passing the event selection with loose leptons
(N loose) can be written:
N loose = N loosereal +N
loose
fake , (4.13)
and the number of events passing the event selection with tight leptons (N tight) can
similarly be written:
N tight = realN
loose
real + fakeN
loose
fake , (4.14)
where fake is the efficiency for a fake loose lepton to pass the tight selection, and
real is the efficiency for a real loose lepton to pass the tight selection. The number
of events with a fake tight lepton is then
N tightfake =
fake
real − fake (N
loosereal −N tight) , (4.15)
and can be calculated by measuring the efficiencies real and fake.
In both the electron and muon channels, the real and fake efficiencies are mea-
sured in control regions. In both channels events with Z bosons decaying to real
leptons are used to measure real since if two leptons reconstruct the Z boson mass
it is very likely that they are both real leptons. Other regions defined by having
low EmissT , low mT (W ), or leptons with a high track impact parameter (leptons with
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tracks that do not point back to the primary vertex), are used to measure fake since
these regions are much less likely to have real leptons. Contributions from other
processes with real leptons such as W+jets and Z+jets are subtracted from these
control regions using MC simulation.
Several variables are used to parametrize the efficiencies for real and fake electrons
and muons in the control regions and then these parametrizations are applied to the
signal region. For the electron channel, the variables used are the electron η and
∆R to the closest jet. For the muon channel, the fake-muon efficiencies are derived
with two different methods from two different control regions and the estimated
multijet yield is averaged based on the two methods. One method parametrizes the
efficiencies in terms of muon η and leading jet pT, while the other uses the muon η
and the number of jets in the event.
The final multijet contribution is obtained from a loose sample of data events,
weighting the events that do or do not pass the tight criteria by
w =
fake
real − fake
{ −1, event passes tight criteria
real, event does not pass tight criteria
}
, (4.16)
so that the final event yield matches that given in Eq. 4.15.
4.4 Data and Prediction Comparisons at Reconstruction Level
At the reconstruction level there is good agreement between the data and prediction
(although some discrepancy is visible at high top-quark pT), and between the e+jets
and µ+jets channels. Plots comparing data to prediction for the EmissT and mT (W )
spectra are shown in Fig. 4·5. The leading b-tagged jet pT is also shown in Fig. 4·6.
The variables of interest for the analysis are also shown in Fig. 4·7 and Fig. 4·8.
The binning here is shown before it is optimized for the unfolding, so the bin widths
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are smaller than the final results allowing more information about the shapes of the
distributions.
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Figure 4·5: Comparisons between the measured data and prediction
as a function of mT (W ) and E
miss
T in the e+jets and µ+jets chan-
nels [13].
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Figure 4·6: Comparison between the measured data and the pre-
diction as a function of the leading jet pT in the e+jets and µ+jets
channels [13].
4.5 Differential Cross-Section Determination
Distributions of physical observables measured by particle detectors are distorted
by the apparatus used to measure them because they are affected by the resolution
and the geometrical acceptance of the detector. In order to compare the measured
distributions with theoretical predictions, these distributions must be corrected to
account for these effects. This process is referred to as unfolding.
For this analysis, the final measurements are defined at the parton level so top
partons after QCD radiation are used to predict the distributions being measured
and derive the migration matrices. The MC simulation is also used to extrapolate
and obtain a full phase-space result.
After each distribution is measured at the reconstructed level for each variable
of interest, the predicted background is subtracted from the data. The background-
subtracted distributions are corrected by unfolding using the migration matrices, the
results are corrected for the efficiencies in each bin and the overall branching ratios,
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Figure 4·7: Comparisons between the measured data and predic-
tion at the reconstructed level as a function of two of the variables of
interest: pT
t and mtt¯ in the e+jets and µ+jets channels [13].
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Figure 4·8: Comparisons between measured data and prediction as
a function of two of the variables of interest: pT
tt¯ and ytt¯ in the e+jets
and µ+jets channels [13].
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and then the results in the electron and muon channels are combined to form a final
unfolded result. The final differential cross-section in bin j can be written in terms
of these corrections
dσ
dXj
≡ 1
∆Xj
·
∑
i
M−1ji [Di −Bi]
BR · L · j , (4.17)
where ∆Xj is the width of bin j, Di is the data in bin i, Bi is the background
prediction in bin i, BR is the branching ratio to the `+jets channel, L is the lu-
minosity, and j is the efficiency in bin j. The branching ratio used is 0.438 which
includes leptonic τ decays. The quantity
∑
i
M−1ji [Di−Bi] represents the result from
unfolding the background-subtracted distribution, withM as the migration matrix.
As stated previously, the final results for this analysis are normalized distributions
calculated as
1
σ
dσ
dXj
, (4.18)
where σ is the integral over all bins.
Next the determination of the binning j will be discussed and then the migration
matrices and efficiencies used in Eq. 4.17 will be presented. The unfolding process
itself will be discussed in Sec. 4.6, and the combination between the e+jets and
µ+jets channels will be reviewed in Sec. 4.7.
4.5.1 Binning Determination
There are a few considerations in determining the binning used for the unfolding
procedure. The most important consideration is the resolution of the measurement.
If the binning is much finer than the resolution, then the unfolding could be unstable,
and would not be well defined. Other important considerations come from the bias
and the size of the statistical and systematic uncertainties. The binning is optimized
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separately for each variable of interest, but the leptonic and hadronic top pT are
shown as an example. It has been decided that the resolution and uncertainty have
not improved so significantly that the binning should be changed for the mtt¯ and
ytt¯ spectra with respect to the previous analysis with 2fb
−1, although the rapidity
is symmetrized (|ytt¯| is presented instead of ytt¯), so effectively the number of bins is
cut in half. An extra bin is also added for the pT
tt¯ spectrum.
The resolutions for the leptonically-decaying top quark and hadronically-decaying
top quark are shown on the right side of Fig. 4·9 and 4·10. The resolutions are
shown fitted with quadratic functions and these functions are used to to determine
the minimum size of the bins.
The binning was determined from the resolution functions with the following
formula
δ · Resol(pN−1) = xN − xN−1 , (4.19)
where δ (the measure of how smaller the bin width should be compared to the
resolution) was taken to be 1, and Resol(pN−1) denotes the value for the resolution
function evaluated at the middle of the bin. Running this algorithm gives four
different possible binnings for the e+jets and µ+jets channels, hadronically and
leptonically decaying tops. These four binnings are shown in Table 4.4. Since the
e+jets and µ+jets channels would be combined later, it was decided to use the same
binning for all four, and base the choice on the channel with the worst resolution.
Based on these analytical MC-derived binning proposals, and with data statistics
in mind, a few options for the binning were chosen. Each binning was used to produce
the final unfolded results, and the option with the most well-correlated migration
matrix and the smallest systematic uncertainty in each bin was chosen. In the end,
it was decided that a bin width of 50 GeV was reasonable and consistent with the
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Figure 4·9: Profile of the reconstructed leptonically-decaying top-
quark pT versus the parton level top-quark pT (left) and the resolution
as RMS (right) in the e+jets and µ+jets channels together with the
fit functions. The guiding black line in the profile plot on the left is
the diagonal and the polynomial fit is in red. The black line on the
right is a quadratic function fitted to the resolution.
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(a) e+jets channel
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(b) µ+jets channel
Figure 4·10: Profile of the reconstructed hadronically-decaying top-
quark pT versus the parton level top-quark pT (left) and the resolution
as RMS (right) in the e+jets and µ+jets channels together with the
fit functions. The guiding black line in the profile plot on the left is
the diagonal and the polynomial fit is in red. The black line on the
right is a quadratic function fitted to the resolution.
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Bin Edges[GeV] µ+jets, lep µ+jets, had e+jets, lep e+jets, had final
Bin 1 35.5 42.3 34.5 41.6 50
Bin 2 72.4 86.0 70.7 85.0 100
Bin 3 110.9 132.3 108.6 131.6 150
Bin 4 150.9 183.2 148.2 183.0 200
Bin 5 192.8 241.0 189.7 241.4 250
Bin 6 236.6 309.3 233.1 310.1 350
Bin 7 282.7 394.3 278.5 394.4 800
Bin 8 331.2 506.3 325.9 503.1
Bin 9 382.3 667.1 375.4 653.0
Bin 10 436.5 928.1 427.1 851.8
Bin 11 494.1 481.0
Bin 12 555.4 537.2
Bin 13 620.9 595.8
Bin 14 691.3 656.9
Bin 15 767.0 720.4
Bin 16 849.0 786.5
Bin 17 849.0 855.3
Table 4.4: Output from binning algorithm for the leptonically and
hadronically decaying top quarks in each channel. The column on the
right shows the chosen binning.
resolution functions for the first few bins. With the resolution getting worse at
around 250 GeV, the bin size was increased to 100 GeV. After this, the bin size
was increased in order to keep the statistical uncertainties under control and since
the highest pT data point was just below 800 GeV, it was decided that the top pT
spectrum should not extend further than that. The final binning is shown in right
column of Table 4.4.
4.5.2 Migration Matrices
The migration matrices are determined entirely from MC simulation, and they relate
the parton or “truth” level information to the reconstructed information for each
variable. Events are normalized in each bin of the parton-level variable and shown
as percentages so that the numbers in the diagonal bins represent the fraction of
events that stay in the same bins, while the numbers in off-diagonal bins represent
the migrations to other bins.
The migration matrices for pT
t and mtt¯ are shown in Fig. 4·11 and the migration
matrices for pT
tt¯ and ytt¯ are shown in Fig. 4·12. The percentage of events in the
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diagonal bins is always (except for one bin in the e+jets pT
t spectrum) greater than
50%, but significant migrations to other bins are observed.
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Figure 4·11: The migration matrices relating pTt and mtt¯ at the
parton level to the reconstruction level in the e+jets and µ+jets chan-
nels [13].
4.5.3 Efficiencies
The efficiencies are used to correct back to a full phase-space result and since they
are applied to an unfolded result, the efficiencies are calculated at parton level.
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Figure 4·12: The migration matrices relating pTtt¯ and ytt¯ at the
parton level to the reconstruction level in the e+jets and µ+jets chan-
nels [13].
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The binned efficiency for each variable is defined as the ratio of the parton-level
spectrum before the event selection is applied to the parton-level spectrum after the
event selection is applied. In order to ensure that the calculated binned efficiency
includes all systematic effects, the parton-level spectrum after the event selection is
taken as the projection onto the truth axis of the migration matrix. The efficiencies
for all variables are shown in Fig. 4·13. The decrease in efficiency at high values of
pT
t, mtt¯, and pT
tt¯ is due to effects from the boosted (high pT) top-quark regime such
as an increasing fraction of non-isolated leptons, close or merged jets, and differences
in b-tagging, for which this analysis is not optimized. There is also a decrease in the
efficiency at high |ytt¯| which is due to leptons and jets falling outside of the required
range for reconstruction.
4.6 Unfolding
There are several challenges to overcome when figuring out how to apply the migra-
tion matrix to the background subtracted distributions. There are several different
methods that can be used to do this, and it is important to pick a method that
minimizes the effect of uncertainties while also not biasing the results towards the
input MC distribution.
4.6.1 Unfolding Method Selection
The simplest unfolding method considered here is called Bin-by-bin. For this method,
MC simulation is simply used to determine correction factors for each bin. For
example, if the first bin of the MC simulation at the reconstructed level has half
of the events that the first bin has at the parton level, then the first bin would be
multiplied by two to correct for this discrepancy. This method neglects information
about how events are migrating from one bin to another. For this reason, this method
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Figure 4·13: The binned parton-level efficiencies for each vari-
able [13].
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was ruled out very quickly, but it is still shown for comparison in this section.
A slightly more sophisticated unfolding technique is Matrix Inversion. The prob-
lem of unfolding can be written in terms of the following equation:
xreco =Mxtruth , (4.20)
where xreco is a vector with the number of reconstructed level MC events in each bin,
M is the migration matrix relating the truth and reconstructed level information,
and xtruth is the number of parton-level MC events in each bin. The goal is to
apply this equation to the measured distribution to obtain the corrected, unfolded
distribution:
xmeas =Mxunf , (4.21)
where xmeas is a vector with the measured cross-section values in each bin, and
xunf is a vector with the true cross-section values in each bin unaffected by detector
resolution (the desired final result). If the migration matrix is completely diagonal,
this would mean that the results at the reconstruction and parton levels are exactly
the same and the more diagonal the matrix is, the fewer migrations there are between
bins. The final result that can be used for comparison with theoretical predictions
is xunf . The Matrix Inversion method of solving this problem would be to simply
invert the matrix M
M−1xunf = xmeas . (4.22)
Sometimes this method is acceptable, however, it is very sensitive to statistical
fluctuations and frequently, especially in the very off-diagonal bins, there are low
numbers of simulated events. To avoid this problem, the methods called Bayesian
80
unfolding and Singular Value Decomposition have been developed.
Iterative Bayesian unfolding
The iterative Bayesian unfolding method converts the problem of unfolding to a
probability question: given a measured distribution and a migration matrix, the
goal is to find the most probable unfolded distribution [88]. This problem can be
solved by applying Bayes’ theorem for cause and effect.
Throughout this section, P (X|Y ) can be understood as the probability for event
X given event Y. Therefore, the quantity needed is P (Ci|Ej) where Ci is a bin of
the unfolded distribution (cause bin) and Ej is a bin of the measured distribution
(effect bin).
Bayes’ theorem can be written
P (A|B) = P (B|A)P (A)
P (B)
, (4.23)
where P (A|B) is the posterior, P (A) is the prior, and P (B) is the normalization.
Applying this formula to the problem in question gives
P (Ci|Ej) = P (Ej|Ci) · P (Ci)∑n
i=1 P (Ej|Ci) · P (Ci)
, (4.24)
where n is the number of bins in the unfolded distribution. The information from
each migration matrix element can be added as
θij ≡ P (Ci|Ej) = Mji · P (Ci)∑n
i=1Mji · P (Ci)
, (4.25)
where θij is used for shorthand.
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The migration matrix elements Mji are estimated as
Mji ≈ x(Ej)
MC
x(Ci)MC
, (4.26)
where x(Ci) or x(Ei) is the number of events in bin i (they are the elements of vectors
xtruth and xreco defined earlier). Then in order to obtain the cause distribution, the
number of events in each bin can be written as
x(Ci) ≈
n∑
j=1
θij · x(Ej) . (4.27)
The problem with simply applying this once as described, is that one particular
spectrum is being used input for the prior (the parton-level distribution in MC), and
so the method is reliant on this input distribution. In order to avoid this problem
this method can be applied in iterations, each time using the posterior as the new
prior. If the iterations are continued many times, the solution will begin to fluctuate,
in a similar way to the result from the Matrix Inversion method, so the number of
iterations must be optimized [89].
Singular Value Decomposition / Tikhonov regularization
The last method discussed is referred to as Tikhonov regularization which uses the
Singular Value Decomposition of a matrix [90]. An m× n matrix M can be decom-
posed into singular values as
M = USV T , (4.28)
where U and V are orthogonal matrices and S is a diagonal matrix. The values on
the diagonal of S are the singular values of the matrix M and contain important
information about the matrix (for example if one is zero this means that the matrix
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is degenerate). The rank of matrix M is given by the number of non-zero singular
values. These singular values can be ordered as an increasing sequence simply by
swapping the singular values that are out of order and swapping the corresponding
rows and columns of V and U . The original unfolding problem xmeas =Mxunf can
be written
xunf = V S
−1UTxmeas , (4.29)
where USV T is the singular value decomposition of M and V S−1UT has been sub-
stituted for M−1. Now, V and U can be used to rotate xunf and xmeas to form a
diagonalized system of equations
V Txunf = S
−1UTxmeas . (4.30)
If z = V Txunf and d = U
Txmeas are defined then a new equation is formed similar
to the first one, except now S−1 is the matrix relating vectors z and d and S−1 is
diagonal
z = S−1d . (4.31)
If the singular values of S are written s1, s2... then the values on the diagonal of
S−1 are 1/s1, 1/s2.... If the singular values are all large and statistically significant
then there is no problem and this can be solved exactly, however, if one of the
singular values is small (say sn) and has some uncertainty associated with it (such
as measurement uncertainties) then 1/sn becomes very large and this term ends up
dominating the solution for z and xunf . However, if sn is small and there is some
uncertainty on it, then actually the matrix has insufficient rank and it should not
be possible to determine component zn. To solve this problem, for every singular
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value sn which is too small to be useful, the corresponding value zn which is used to
determine xunf should effectively be set to zero. In this way the final xunf will only
depend on the singular values that are significant.
One way to improve the problem is to define a vector w where wj = x
unf
j /x
truth
j
where xtruthj is the number of parton-level MC events in bin j. If the migration
matrix Mij is also multiplied by xtruthj then M is converted to a matrix with the
number of events generated in bin j that ended up in bin i instead of the probability
for this migration. Then the problem can be defined in terms of w
Mw = xmeas . (4.32)
In this way, a larger weight is given to bins with larger statistics. Similarly, the
measured spectrum xmeas and migration matrix can be altered using the Singular
Value Decomposition for the covariance matrix so that systematic uncertainties are
taken into account and bins with larger systematic uncertainties are given less weight.
After these adjustments, the solution toMw = xmeas can be written in terms of
finding the solution w that minimizes the following function
(Mw − xmeas)T (Mw − xmeas) . (4.33)
Although the problem has been improved, the main issue with very small and
insignificant singular values still remains. In order to solve this problem, regular-
ization can be introduced, adding the constraint that solutions are expected to be
smooth. The function to minimize then becomes
(Mw − xmeas)T (Mw − xmeas) + τ · (Cw)T (Cw) , (4.34)
where τ is the regularization parameter determining how much regularization is used
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and C is chosen to be

−1 + ξ 1 0 0 ...
1 −2 + ξ 1 0 ...
0 1 −2 + ξ 1 ...
... ...
... 1 −2 + ξ 1
... 1 −1 + ξ
 , (4.35)
where ξ is very small (10−3 or 10−4) and is added to make the matrix invertible.
Solving this new problem in the same way as before, Singular Value Decomposi-
tion can be used to express the measured spectrum in terms of d and z (which can
be used to determine w). The solution is then
z
(τ)
i =
disi
s2i + τ
, w(τ) = C−1V zτ , (4.36)
where si are the singular values.
The only remaining problem is the choice of the regularization parameter τ .
This can be done by plotting log |di| versus i. Since the statistical errors have been
incorporated into w and the migration matrix, the statistical error on each di is 1,
so any di < 1 should be suppressed. The variable k is used to describe the value of
i after which the di are not significant and then τ is given by the square of the k
th
singular value.
Unfolding method choice
Some reasons for choosing either the SVD or Bayesian unfolding methods over Ma-
trix Inversion and Bin-by-Bin have already been discussed. However, in order to
choose the method used for this analysis, the results obtained using these different
techniques are compared more rigorously. In Fig. 4·14 the relative difference between
the unfolded result and the truth spectrum is shown as a function of each variable
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of interest. To generate these plots, the MC signal sample is split into halves, using
half 1 as the MC to train the unfolding, and half 2 as the measured data distribution.
Half 2 is also smeared using a Gaussian distribution to simulate distortion due to
imperfect detector resolution. The unfolding is done using 5000 pseudo-experiments
and the spread of the average from the 5000 pseudo-experiments is taken as the
uncertainty on the unfolded distribution. For the Bayesian method three iterations
are used and for SVD, the k-parameter is chosen for each variable as is described in
the next section.
From Fig. 4·14 it is clear that all four methods produce similar results, but there
are a few noticeable differences. The Matrix Inversion method fluctuates further
from the truth spectrum, particularly for the leptonic top pT, and generally has
larger error bars. The SVD and Bayesian methods have similar results, but SVD
does slightly better in the tails of the distributions, especially for the hadronic top
pT, pT
tt¯, and ytt¯. For this reason, the SVD method is chosen for the analysis.
4.6.2 Regularization
The regularization parameter chosen for SVD unfolding can vary from 0 to the
number of bins in the distribution. If it is equal to the number of bins, then there
is no regularization and the method becomes similar to Matrix Inversion, but using
too much regularization can create bias. As described in Sec. 4.6.1, the k-parameter
is chosen from the plot of log |di| versus i shown in Fig. 4·15. This is optimized
differently for each variable, and the final values chosen are k = 3 for pT
t, mtt¯, and
pT
tt¯ and k = 4 for ytt¯. These plots are produced using the default Alpgen+Herwig
generator for the signal distribution.
The |di| should decrease exponentially, so that these plots can be fit with a line
and the k value is chosen as the place where the line crosses 1. However, as can be
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Figure 4·14: The relative difference between the truth distribution
from MC and the unfolded distribution obtained using each unfold-
ing technique for each variable of interest. The MC@NLO+Herwig
generator is used for the signal sample and results are only shown for
the e+jets channel.
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seen from the plots, in reality this is not a perfect system, and some judgement is
needed. The k values for each variable are conservative, meaning that higher values
of k have been chosen in order to avoid biasing the result toward the input MC.
4.6.3 Checks on the Unfolding
The results of the unfolding are checked in several ways. The first test is to check clo-
sure; to ensure that when unfolding a MC distribution the final result obtained is sim-
ilar to the truth spectrum. In order to perform this check the MC@NLO+Herwig
MC signal sample is split into two halves. Half 1 is used to unfold half 2 (meaning
that half 1 is used to construct the migration matrix and half 2 is taken as the mea-
sured data) and half 2 is used to unfold half 1. Finally the whole signal sample is
used to unfold itself. Fig. 4·16 shows the results of this test for the leptonic top quark
pT and the hadronic top quark pT. As can be seen, unfolding the entire sample with
itself is trivial, meaning that the unfolded result should exactly match the truth.
The unfolded and truth spectrum from the test using half 1 and half 2 differ by at
most 5%.
The second test used to check the validity of the unfolding is referred to as the
stress test, and the results from this test are less obvious than the results from the
closure test. The purpose of this test is to ensure that the unfolded result is not
biased to the MC truth spectrum. For example, if a sign of new physics exists such
as a different slope in the top-quark pT or a bump in the mtt¯ spectrum, the unfolding
should not correct this back to the truth spectrum it expects. The unfolding should
simply correct for detector resolution effects without expecting a particular truth
spectrum shape. This is tested, again using halves of the MC@NLO+Herwig
signal sample. The half used to train the unfolding is not altered, while the half used
for the data distribution is reweighted, changing the slope of the truth distribution.
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Figure 4·15: The decomposition of the measured distribution in the
diagonalized space, |di|, ordered in descending eigenvalues. Values of
|di| less than 1 are not statistically significant, and the amount of
regularization depends on the number of significant values. This plot
is used to determine the regularization parameter k.
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(a) leptonic top pT, e+jets
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(b) leptonic top pT, µ+jets
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(c) hadronic top pT, e+jets
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(d) hadronic top pT, µ+jets
Figure 4·16: The results of the closure test for the pT of the lepton-
ically and hadronically decaying top quarks.
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The results of this test are shown in Fig. 4·17 for the leptonically decaying top-quark
pT. The blue circles show the injected slope, and the black circles show the unfolded
distribution. It is clear from these plots that the black dots closely follow the blue,
and therefore there is very little bias in the unfolding method.
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(a) e+jets, small slope change
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(b) µ+jets, small slope change
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(c) e+jets, large slope change
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(d) µ+jets, large slope change
Figure 4·17: The results of the stress test for the pT of the leptoni-
cally decaying top quark.
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4.7 Channel Combination
After applying the event selection and unfolding the electron and muon channels
separately, the channels are combined using the BLUE method [91]. The implemen-
tation of the BLUE method is described below.
In order to construct the covariance matrix (the matrix whose elements give the
covariance between bins of each distribution) it is assumed that each systematic
uncertainty is either 100% correlated or not correlated at all. For the correlated
systematic uncertainties (for example the uncertainty on the jet energy scale) the
corresponding covariance is defined as
C =
(
σ2e σeσµ
σeσµ σ
2
µ
)
, (4.37)
while for systematic uncertainties which affect only the electron channel or only the
muon channel (for example the uncertainty on the electron energy resolution) terms
such as
Ce =
(
σ2e 0
0 0
)
, and Cµ =
(
0 0
0 σ2µ
)
, (4.38)
are used. The covariance matrices for each systematic, and the covariance matrix
for the statistical uncertainty, are added to form the total covariance matrix
Ctotal =
Nsyst∑
i∈all syst
Ci =
(
σ2e, corr + σ
2
e, uncorr + ... , σe, corr · σµ, corr + ...
σe, corr · σµ, corr + ... , σ2µ, corr + ...
)
, (4.39)
where “corr” refers to a correlated source of uncertainty and “uncorr” refers to an
uncorrelated source of uncertainty. The statistical errors are included in the BLUE
combination as an uncorrelated uncertainty.
The best linear unbiased estimate is obtained using the linear combination of the
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individual results from both channels with coefficients determined as
λ =
[U>Ctotal−1U]−1 U>Ctotal−1 , (4.40)
with U being the unit vector. The resulting two-dimensional vector, λ, contains the
coefficients for the linear combination. The combined value d, and the uncertainty
δd can be calculated as
d = λ
(
de
dµ
)
, and δd =
√
λCtotalλ> . (4.41)
In general, the errors in this analysis are not symmetric and therefore an extension
to the BLUE method called the Asymmetric BLUE method [92] is used. In practice,
this means that the BLUE method is used to combine the channels three times.
Each time different errors are used: the positive error up, the negative error down,
and the average of the positive and negative errors. Then the asymmetric errors can
be calculated as
R =
σBLUEup
σBLUEup + σ
BLUE
down
, σup = 2Rσ
BLUE
ave , and σdown = 2(1−R)σBLUEave , (4.42)
where σBLUEup refers to the output of the BLUE method when the positive errors are
used, and likewise for the negative and average errors. The σup and σdown variances
represent the combined asymmetric errors.
4.8 Uncertainties
In almost every bin of all spectra, the systematic uncertainties are larger than the
statistical uncertainty. The sources of systematic uncertainties are grouped in to
three categories: uncertainties on the detector modeling, uncertainties on the signal
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modeling, and uncertainties on the background modeling.
There is a flat 1% uncertainty to account for the difference in the efficiency
for events in MC simulation and data to pass the kinematic likelihood requirement.
Events in data are 2±1% less likely to pass this requirement, but no shape difference
is observed, so this uncertainty is included as a flat overall uncertainty, and therefore
has no effect on the normalized spectra. Another flat uncertainty is due to the
luminosity determination which is performed using Van der Meer scans [93, 94].
This uncertainty is 1.8% for the absolute spectra, but again has no effect after
normalization.
4.8.1 Detector Modeling
Uncertainties on the detector modeling are evaluated by varying each quantity up
and down by one standard deviation, and running the whole analysis for each case
(fluctuated one σ up, the nominal case, and fluctuated one σ down). In each case
the migration matrix and efficiency are re-derived and then unfolding is performed.
For each systematic the uncertainty on the final results for each variable, and in each
channel and bin, is the difference between the result with the systematic fluctuated
up and the nominal in one direction and the difference between the result with the
systematic fluctuated down and the nominal in the other direction. Since the spectra
are normalized, fluctuating a systematic up can lead to a shift down in one place
and a shift up in another place, and this information is denoted with + and − signs
in the systematic tables. The sources of detector modeling systematics are:
• Jet energy scale (JES) - MC simulation is compared with data events to derive
a jet energy scale correction for simulation. The correction and its uncertainty
are estimated using data events with a jet and a well calibrated reference object
(a photon or a Z boson) and taking advantage of momentum conservation
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and the resulting transverse momentum balance [95, 96]. This uncertainty is
evaluated on the signal sample using twenty-one separate components which
allows for a more precise estimation of the uncertainty and a better treatment of
the correlations between bins. The overall effect is determined by summing the
uncertainties from these components in quadrature, and it is this overall JES
which is used to determine the uncertainty on the background samples. This
is a reasonable approximation since the effect on the background is much less
significant than the effect on the signal. The total JES uncertainty is obtained
by adding the JES uncertainty on the background with the JES uncertainty
on the signal linearly to account for the correlation between them.
• Jet energy resolution (JER) - the accuracy of the jet energy resolution in MC
simulation has been evaluated in data using dijet events [97].
• b-tagging scale factors - this encompasses all uncertainties on the estimation of
b-tagging efficiencies and mistag rates for c-quarks and light-quarks. The differ-
ences between the efficiencies and mistag rates in data and MC are determined
using tt¯ events and a sample of jets containing muons [98,78].
• Jet reconstruction/ID efficiency - evaluated by removing jets in MC simulation,
in accordance with the uncertainty on this reconstruction efficiency, in data
using minimum bias and multijet events [97]. Minimum bias events are events
selected with an inclusive trigger that looks for minimum detector activity.
They are referred to as “minimum bias” due to the fact that selecting certain
events and rejecting others (which is what other triggers do) introduces a bias.
• Lepton scale factors - corrections are calculated in data using W boson and Z
boson decays so that the trigger, reconstruction and identification efficiencies
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in MC simulation match data and so that the lepton energy and resolutions in
MC simulation also match those in data.
• Cell-out EmissT term, Pile-up EmissT systematics - evaluated using MC simulation
of multijet events, varying the amount of dead material in the detector simula-
tion, using alternative shower models, and using different minimum bias tunes
to simulate the interactions [99].
4.8.2 Signal Modeling
Several uncertainties on the modeling of the signal are also considered by taking the
differences between results obtained by using different MC samples to simulate the tt¯
signal. Due to the methods of calculating these systematics, they are all symmetrized
around the final result. These uncertainties are not shown on the reconstruction-
level plots but they are included in the uncertainties on the final, unfolded results.
They are:
• Choice of generator used for the unfolding - evaluated by constructing the mi-
gration matrix and unfolding the measured data distribution using theMC@NLO
+Herwig sample. The uncertainty is the difference between the result ob-
tained using this sample and the result obtained using the nominal Alp-
gen+Herwig sample.
• Parton shower and hadronization (fragmentation) - this uncertainty is evalu-
ated with an Alpgen+Pythia sample, comparing the results obtained us-
ing this to unfold the data with the nominal results obtained using Alp-
gen+Herwig.
• Initial and final state radiation (IFSR) - two Alpgen+Pythia samples with
varied radiation settings (more and less initial and final state radiation) are
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used to evaluate this uncertainty. The number of additional partons is varied
by adjusting the renormalization scale associated with αS using a dedicated
Pythia Perugia 2011 tune. A previous ATLAS measurement of jet activity in
tt¯ events is used to reduce this uncertainty and control the level of variation
in these samples [100]. Both samples are passed through the ATLAS fast
simulation instead of the full detector simulation, and therefore the nominal
migration matrix is used to unfold them, instead of using them to recalculate
the migration matrix. The results are corrected to account for the difference
between full and fast simulation using the ratio between results obtained using
full and fast simulation with the nominal Alpgen+Pythia sample. The final
uncertainty up and down due to this systematic is then the difference between
the results obtained with both samples, divided by two.
• Parton distribution function uncertainties (PDF) - this uncertainty is evaluated
in two different ways, first by considering the uncertainties on any given PDF
set, and second by considering the differences between different PDF sets.
Three PDF sets were used: CT10, MSTW2008NLO, and NNPDF2.3. The final
uncertainties are combined by taking the envelope of all variations following
the PDF4LHC prescription [101].
4.8.3 Background Modeling
Uncertainties on the background modeling include uncertainties due to the data-
driven background estimation methods, as well as uncertainties on the normalizations
of the backgrounds. All uncertainties on the background modeling are listed here:
• Multijet background - the uncertainties on this data-driven method are esti-
mated by comparing alternative methods for estimating real and fake and from
comparisons with data in control regions.
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• W+jets - this includes an uncertainty on the normalization and an uncertainty
on the flavor composition. Both are varied within their uncertainties to deter-
mine the overall effect.
• Z+jets, diboson backgrounds - the uncertainty comes from the normalization
which increases with the number of jets in the sample.
• Single top, tt¯ dilepton backgrounds - these uncertainties also come from the
normalizations of these samples but they have a negligible effect on the final
result (sub-percent).
4.8.4 Statistical Uncertainties
The statistical uncertainty on the data is evaluated with pseudo-experiments before
unfolding, assuming Poisson fluctuations in each bin.
The uncertainty due to the statistics of the signal MC sample is evaluated by
varying the content of the migration matrix within statistical uncertainties. For
each varied migration matrix, the efficiency spectrum is re-derived using the parton
spectrum projected from the migration matrix, so the same statistical fluctuations
are accounted for in the migration matrix and the efficiency spectrum simultaneously.
The final uncertainty due to MC statistics is then the standard deviation of the
unfolded results obtained from different variations.
Statistical uncertainties on the background MC simulation samples are estimated
by fluctuating the background sum in each bin with a Gaussian distribution and
propagating this effect through the unfolding to the final results.
4.8.5 Summary of Uncertainties
Tables 4.5 and 4.6 give the relative uncertainties in each bin for each variable chosen
for the final results after combining the e+jets and µ+jets channels. As can be
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1
σ
dσ
dpTt Uncertainties [%] / Bins [GeV] 0–50 50–100 100–150 150–200 200–250 250–350 350–800
Jet energy scale +3.2−2.9
+1.0
−1.1
+1.5
−1.6
+2.4
−2.3
+2.4
−2.1 ±2.5 ±3.6
Jet energy resolution ±0.4 ±0.1 ±0.5 −− ±0.3 −− ±0.5
Jet reconstruction efficiency −− −− −− −− −− −− ±0.1
b-quark tagging efficiency +1.1−1.4
+0.6
−0.8 ±0.3 +1.3−1.1 +2.1−1.5 +2.6−1.6 +3.0−1.6
c-quark tagging efficiency −− −− −− −− ±0.1 ±0.1 ±0.2
Light-jet tagging efficiency ±0.3 −− ±0.2 −− −− −− ±0.2
Lepton selection and momentum scale +0.9−0.8
+0.2
−0.1
+1.3
−1.2 ±0.6 ±0.9 ±1.1 +1.0−0.8
EmissT unassociated cells
+0.4
−0.1 −− +0.2−0.4 −− +0.3−0.2 +0.3−0.4 +0.3−−
EmissT pile-up
+0.6
−0.1 −− +0.1−0.6 −−−0.1 +0.4−− +0.6−− +0.8−−
MC generator +1.9−1.5
+0.5
−0.7 ±0.2 +1.5−1.9 ±0.1 +3.5−2.8 +11−8.6
Fragmentation ±0.6 ±0.7 ±0.7 +0.9−0.8 +0.9−1.0 ±0.7 ±1.9
IFSR +2.2−2.1 ±0.9 −− +3.1−3.2 +3.1−3.2 +1.5−1.6 −−
PDF ±0.1 ±0.1 −− ±0.2 ±0.5 ±0.8 ±0.8
MC statistics ±1.0 ±0.4 ±0.7 ±0.9 ±1.1 ±1.4 ±2.6
W+jets ±1.7 ±0.3 ±0.7 +0.9−0.8 +1.0−0.9 +1.4−1.3 ±1.4
Other backgrounds +1.5−1.6 ±0.2 +1.0−0.9 +0.7−0.5 +0.6−0.4 ±0.8 +0.9−1.0
Statistical uncertainty ±2.6 ±1.0 ±1.6 ±1.9 ±2.4 ±3.4 ±6.2
Total systematic uncertainty +5.3−5.0
+1.8
−2.0
+2.6
−2.7 ±4.8 +4.9−4.6 +5.9−5.1 +12−10
1
σ
dσ
dmtt¯
Uncertainties [%] / Bins [GeV] 250–450 450–550 550–700 700–950 950–2700
Jet energy scale +1.4−1.3
+0.9
−0.7
+2.1
−1.7
+3.0
−3.1
+3.6
−4.4
Jet energy resolution ±0.6 ±0.9 ±0.2 ±0.2 −−
Jet reconstruction efficiency −− −− −− −− ±0.2
b-quark tagging efficiency +0.8−1.0 ±0.4 +1.6−1.3 +2.0−1.3 +2.2−1.2
c-quark tagging efficiency −− −− ±0.2 −− ±0.1
Light-jet tagging efficiency −− ±0.1 −− −− ±0.1
Lepton selection and momentum scale ±0.5 ±0.8 ±0.9 ±1.7 +1.9−1.8
EmissT unassociated cells −− +0.1−− −− −−−0.2 +0.5−0.4
EmissT pile-up
−−
−0.1 −− +0.2−− +0.2−− +0.6−0.3
MC generator +2.7−2.2
+1.9
−2.3
+2.6
−3.2
+3.0
−3.7
+2.5
−3.1
Fragmentation ±0.2 ±0.2 ±0.5 ±1.7 +2.1−2.2
IFSR +0.6−0.5 ±0.2 ±0.9 +1.4−1.5 ±0.4
PDF −− −− −− +0.5−0.6 +2.2−2.3
MC statistics ±0.4 ±0.4 ±0.6 ±1.0 ±1.6
W+jets ±0.2 +0.3−0.2 +0.5−0.4 +1.2−1.0 +1.9−1.7
Other backgrounds ±0.3 ±0.7 +0.8−0.9 +2.3−2.6 +4.5−5.4
Statistical uncertainty ±0.9 ±1.1 ±1.6 ±2.7 ±4.2
Total systematic uncertainty +3.4−2.9
+2.6
−2.9
+4.1
−4.3
+6.1
−6.5
+8.0
−8.9
Table 4.5: The uncertainties written as a percentage of the normal-
ized differential cross-section in each bin for pT
t and mtt¯ [13]. Bins
for which the uncertainty is less than 0.1% are shown as dashes. The
“Other backgrounds” uncertainty includes uncertainties on the nor-
malizations of all backgrounds other than W+jets.
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1
σ
dσ
dpTtt¯ Uncertainties [%] / Bins [GeV] 0–40 40–170 170–340 340–1000
Jet energy scale +1.9−2.0
+2.2
−2.3 ±4.9 +6.2−6.5
Jet energy resolution +3.4−3.5
+4.2
−4.1
+7.2
−7.1
+8.2
−8.0
Jet reconstruction efficiency −− −− ±0.1 ±0.3
b-quark tagging efficiency −−−0.1
+0.1
−−
+0.4
−−
+1.0
−0.1
c-quark tagging efficiency −− −− ±0.2 +0.3−0.2
Light-jet tagging efficiency −− −− −− +0.1−0.2
Lepton selection and momentum scale ±0.9 +1.3−1.2 ±0.8 ±1.0
EmissT unassociated cells
+1.7
−1.6
+2.0
−2.1 ±2.1 ±1.8
EmissT pile-up
+1.0
−1.2
+1.5
−1.3
+1.6
−1.4
+1.5
−1.6
MC generator +4.2−3.5
+4.2
−5.1
+8.0
−9.8
+1.5
−1.2
Fragmentation ±0.6 ±0.1 +6.8−6.9 +2.6−2.7
IFSR +1.2−1.3 ±1.0 +6.2−5.8 +10−9.5
PDF −− −− ±0.2 ±1.3
MC statistics ±0.6 ±0.8 ±1.7 ±2.8
W+jets +0.6−0.8
+0.7
−0.9
+1.8
−2.4
+3.1
−3.7
Other backgrounds ±0.8 ±1.1 ±0.9 ±1.1
Statistical uncertainty ±1.3 ±1.8 ±4.2 ±7.8
Total systematic uncertainty +6.4−6.0
+7.1
−7.7
+15
−16
+16
−15
1
σ
dσ
d|ytt¯| Uncertainties [%] 0.0–0.5 0.5–1.0 1.0–2.5
Jet energy scale +0.6−0.5 −− +1.1−0.9
Jet energy resolution ±0.1 ±0.1 ±0.4
Jet reconstruction efficiency −− −− −−
b-quark tagging efficiency −− −− −−
c-quark tagging efficiency −− −− −−
Light-jet tagging efficiency −− −− −−
Lepton selection and momentum scale ±0.4 ±0.1 +0.9−0.8
EmissT unassociated cells ±0.1 −− −−−0.2
EmissT pile-up −− −− −−−0.1
MC generator +2.5−2.0
+1.5
−1.2
+5.0
−6.2
Fragmentation +1.8−1.9 ±0.8 +4.3−4.1
IFSR ±0.1 −− −−
PDF ±1.1 −− +1.9−2.0
MC statistics ±0.2 −− ±0.3
W+jets ±0.3 −− +0.5−0.4
Other backgrounds ±0.4 ±0.1 ±0.9
Statistical uncertainty ±0.9 ±0.8 ±1.8
Total systematic uncertainty +3.4−3.1
+1.7
−1.5
+7.1
−7.9
Table 4.6: The uncertainties written as a percentage of the normal-
ized differential cross-section in each bin for pT
tt¯ and |ytt¯| [13]. Bins
for which the uncertainty is less than 0.1% are shown as dashes. The
“Other backgrounds” uncertainty includes uncertainties on the nor-
malizations of all backgrounds other than W+jets.
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seen from these tables, the systematic uncertainties are almost always much larger
than the statistical uncertainty and the largest sources of systematic uncertainty
for pT
t and mtt¯ are the JES, signal generator choice, and b-quark tagging efficiency,
while for pT
tt¯ the largest uncertainties come from IFSR, the signal generator choice,
fragmentation, and JER, and for |ytt¯| the largest uncertainties come from the signal
generator choice and fragmentation.
4.9 Experimental Results
The final results for the combination of the e+jets and µ+jets channels are shown
in Table 4.7. The absolute cross-sections calculated by integrating over the bins
in each spectrum agree with theoretical predictions within uncertainties. The total
uncertainty for all spectra is dominated by systematic uncertainties, especially those
mentioned in the previous section.
Correlations between bins of the final unfolded differential cross-section spectra
due to systematic uncertainties are determined using a set of fifty-thousand pseudo-
experiments. For each pseudo-experiment, a “toy” spectrum is produced by varying
each source of uncertainty simultaneously in the electron and muon channels, then
combining them as described in Sec. 4.7, and finally normalizing the combined result.
Each systematic is varied in all bins using a random multiplier sampled from a
Gaussian distribution and systematics common to the electron and muon channel are
varied using the same multiplier. The systematic accounting for finite MC statistics is
varied separately in each bin since this uncertainty does not carry shape information.
The covariance matrix is then calculated as
Cov(i, j)syst ≡
〈(
dσi−〈dσi〉
)
·
(
dσj−〈dσj〉
)〉
=
〈
dσi ·dσi
〉
−〈dσi〉 · 〈dσj〉 , (4.43)
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pT
t [GeV] 1
σ
dσ
dpTt
[
10−3GeV−1
]
Stat. [%] Syst. [%]
0 – 50 3.4±0.2 ± 2.6 ± 5.1
50 – 100 6.7±0.1 ± 1.0 ± 1.9
100 – 150 5.3±0.2 ± 1.6 ± 2.6
150 – 200 2.6±0.1 ± 1.9 ± 4.8
200 – 250 1.12±0.06 ± 2.4 ± 4.8
250 – 350 0.32±0.02 ± 3.4 ± 5.5
350 – 800 0.018±0.002 ± 6.2 ± 11
mtt¯ [GeV]
1
σ
dσ
dmtt¯
[
10−3 GeV−1
]
Stat. [%] Syst. [%]
250 – 450 2.52±0.08 ± 0.9 ± 3.1
450 – 550 2.76±0.08 ± 1.1 ± 2.8
550 – 700 1.01±0.05 ± 1.6 ± 4.2
700 – 950 0.23±0.02 ± 2.7 ± 6.3
950 – 2700 0.0071±0.0007 ± 4.2 ± 8.5
pT
tt¯ [GeV] 1
σ
dσ
dpTtt¯
[
10−3 GeV−1
]
Stat. [%] Syst. [%]
0 – 40 14.1±0.9 ± 1.3 ± 6.2
40 – 170 3.0±0.2 ± 1.8 ± 7.4
170 – 340 0.25±0.04 ± 4.2 ± 16
340 – 1000 0.008±0.001 ± 7.8 ± 16
|ytt¯| 1σ dσd|ytt¯| Stat. [%] Syst. [%]
0.0 – 0.5 0.86±0.03 ± 0.9 ± 3.2
0.5 – 1.0 0.64±0.01 ± 0.8 ± 1.6
1.0 – 2.5 0.17±0.01 ± 1.8 ± 7.5
Table 4.7: The normalized differential cross-section measurement
after unfolding in each bin for each variable of interest [13].
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where i and j are the bin indices and dσi represents the value of the normalized
differential cross-section in bin i.
Statistical correlations are introduced from the regularization used in the unfold-
ing method and from normalizing the spectra. These statistical correlations have
been evaluated with a set of ten thousand pseudo-experiments. For each experiment
the data is fluctuated using a Poisson distribution, the nominal background is sub-
tracted from the smeared data, and the resulting distribution is unfolded using the
nominal efficiency and migration matrix. The spectra (for all variables) are varied
simultaneously so that the correlations between variables are also taken into account.
The full covariance matrix for each variable is calculated by adding the covari-
ance matrices due to systematic uncertainties and the covariance matrices due to
statistical uncertainties. These are presented in Table 4.8. When comparing the
measured spectra to theoretical predictions in Sec. 4.10, the covariance matrices due
to theoretical uncertainties such as scale and PDF uncertainties are also added when
available.
4.10 Interpretation
The measured distributions can be compared with various predictions, and χ2 values
calculated using the covariance matrices can be used to quantify the agreement. Due
to the normalization constraint, the number of degrees of freedom and rank of the
covariance matrix is N − 1 where N is the number of bins in the distribution and
the covariance matrix is an N ×N matrix. Therefore, the χ2 is calculated as
χ2 ≡ (data− theory)TN−1Cov−1tot,N−1(data− theory)N−1 , (4.44)
where (data − theory)N−1 is a vector with the differences between the measured
distribution and the prediction with one element discarded. Since the rank of the
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pTt [GeV] 0–50 50–100 100–150 150–200 200–250 250–350 350–800
0–50 4.34 · 10−2 1.04 · 10−2 −2.13 · 10−2 −2.23 · 10−2 −8.16 · 10−3 −1.49 · 10−3 1.06 · 10−4
50–100 1.04 · 10−2 2.97 · 10−2 −1.39 · 10−2 −1.36 · 10−2 −7.13 · 10−3 −2.10 · 10−3 −1.43 · 10−4
100–150 −2.13 · 10−2 −1.39 · 10−2 3.25 · 10−2 3.70 · 10−3 −2.39 · 10−5 −2.73 · 10−4 −4.08 · 10−5
150–200 −2.23 · 10−2 −1.36 · 10−2 3.70 · 10−3 2.06 · 10−2 8.48 · 10−3 1.68 · 10−3 −2.64 · 10−5
200–250 −8.16 · 10−3 −7.13 · 10−3 −2.39 · 10−5 8.48 · 10−3 4.44 · 10−3 1.09 · 10−3 2.44 · 10−5
250–350 −1.49 · 10−3 −2.10 · 10−3 −2.73 · 10−4 1.68 · 10−3 1.09 · 10−3 4.44 · 10−4 2.33 · 10−5
350–800 1.06 · 10−4 −1.43 · 10−4 −4.08 · 10−5 −2.64 · 10−5 2.44 · 10−5 2.33 · 10−5 3.78 · 10−6
mtt¯ [GeV] 250–450 450–550 550–700 700–950 950–2700
250–450 7.28 · 10−3 −6.76 · 10−3 −3.66 · 10−3 −7.62 · 10−4 −2.29 · 10−5
450–550 −6.76 · 10−3 8.20 · 10−3 3.06 · 10−3 2.77 · 10−4 1.99 · 10−6
550–700 −3.66 · 10−3 3.06 · 10−3 2.43 · 10−3 2.21 · 10−4 3.25 · 10−6
700–950 −7.62 · 10−4 2.77 · 10−4 2.21 · 10−4 2.85 · 10−4 1.16 · 10−5
950–2700 −2.29 · 10−5 1.99 · 10−6 3.25 · 10−6 1.16 · 10−5 5.60 · 10−7
pTtt¯ [GeV] 0–40 40–170 170–340 340–1000
0–40 5.39 · 10−1 −1.34 · 10−1 −2.29 · 10−2 −3.02 · 10−4
40–170 −1.34 · 10−1 3.45 · 10−2 5.01 · 10−3 4.67 · 10−5
170–340 −2.29 · 10−2 5.01 · 10−3 1.45 · 10−3 2.96 · 10−5
340–1000 −3.02 · 10−4 4.67 · 10−5 2.96 · 10−5 1.46 · 10−6
|ytt¯| 0.0–0.5 0.5–1.0 1.0–2.5
0.0–0.5 6.35 · 10−4 1.72 · 10−4 −2.69 · 10−4
0.5–1.0 1.72 · 10−4 9.56 · 10−5 −8.90 · 10−5
1.0–2.5 −2.69 · 10−4 −8.90 · 10−5 1.19 · 10−4
Table 4.8: Bin-bin covariance matrices for the normalized differential
cross-section measurements with respect to (from top to bottom) pT
t,
mtt¯, pT
tt¯, and |ytt¯| [13].
matrix is N−1, the value of the χ2 does not depend on which element gets discarded,
but the element that is discarded in the vector must correspond to the rows and
columns that are discarded from the total covariance matrix.
In the following sections, tables of comparisons are presented and quantified
according to the χ2/NDF where the χ2 is calculated as in Eq. 4.44 and NDF stands
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for the number of degrees of freedom, which in this case is N − 1. The p-value gives
the probability that the χ2 be greater than or equal to the value observed and is
evaluated by integrating the χ2 distribution.
4.10.1 Comparisons with Generator Predictions and Theoretical Calcu-
lations
The χ2 and p-values for comparisons between the measured spectra and MC genera-
tors are shown in Table 4.9. The generators are used with the latest ATLAS tunes (as
given in Sec. 4.1) and do not include any theoretical uncertainties. Plots comparing
the measured spectra to predictions from Alpgen+Herwig, MC@NLO+Herwig,
Powheg+Herwig, and Powheg+Pythia are also shown in Fig. 4·18. The pTt
spectrum is softer in data than all generator predictions, especiallyAlpgen+Herwig
and Powheg+Pythia (both have p-values of less than 0.01). The mtt¯ spectrum
agrees reasonably well with all generator predictions, but agrees the best with Alp-
gen+Herwig and the worst with Powheg+Pythia. Powheg+Pythia also does
a poor job describing the pT
tt¯ spectrum. Both the pT
tt¯ and |ytt¯| spectra are described
the best by MC@NLO+Herwig.
Table 4.9 quantifies comparisons between the measured distributions and selected
theoretical predictions. All variables are compared to NLO QCD predictions, pT
t
is compared to a dedicated prediction at NLO+NNLO accuracy [102], and mtt¯ and
pT
tt¯ are compared to another dedicated prediction at NLO+NNLL accuracy [103].
No correlations between bins are taken into account for the theoretical predictions.
The NLO QCD predictions are evaluated with MCFM [104] version 6.5 and the
CT10 PDF set. The provided uncertainties within the CT10 PDF set (evaluated at
68% CL) are included as well as the uncertainty on the factorization and renormal-
ization scale which is evaluated by varying mt from 2mt to mt/2. The covariance
matrix used for the theoretical prediction has the PDF uncertainty and scale uncer-
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tainty added together on the diagonal. These predictions are shown in Fig. 4·19 and
agree with the measured distributions within errors, although the same trend of pT
t
being softer than the prediction at high pT is still observed.
The NLO+NNLL calculations both use the MSTW2008NNLO PDF. For the mtt¯
and pT
tt¯ comparisons the theoretical uncertainty comes from the same fixed factor-
ization and renormalization scale uncertainties used for the NLO QCD prediction
and the provided PDF error-sets are used for a PDF uncertainty, while the pT
t cal-
culation has an additional dynamic scale uncertainty µ =
√
m2t + pT
t2 but no PDF
uncertainty is provided. Plots comparing these calculations to the measured spectra
are shown in Fig. 4·20.
Variable Alpgen+Herwig MC@NLO+Herwig Powheg+Herwig Powheg+Pythia NLO QCD NLO+NNLL
χ2/NDF p-value χ2/NDF p-value χ2/NDF p-value χ2/NDF p-value χ2/NDF p-value χ2/NDF p-value
pT
t 24./6 0.00 8.0/6 0.24 4.8/6 0.57 19./6 0.00 9.5/6 0.15 7.6/6 0.27
mtt¯ 2.6/4 0.63 6.9/4 0.14 5.5/4 0.24 13./4 0.01 5.5/4 0.24 5.9/4 0.20
pT
tt¯ 4.2/3 0.25 0.5/3 0.93 4.1/3 0.26 21./3 0.00 14./3 0.00 9.9/3 0.02
|ytt¯| 1.6/2 0.45 3.4/2 0.18 4.3/2 0.11 4.8/2 0.09 3.7/2 0.16
Table 4.9: Comparisons between the measured spectra and predic-
tions from MC generators and theoretical predictions [13]. The agree-
ment is quantified in terms of χ2/NDF and p-values.
4.10.2 Comparisons using Various PDF Sets
The agreement between the measured spectra and MCFM interfaced with different
PDF sets is quantified in Table 4.10. The spectra are compared at NLO to predictions
using CT10, MSTW2008NLO, NNPDF2.3, and HERAPDF1.5. While none of the
p-values are particularly small, the data does show preference for HERAPDF1.5 as
can be seen in Fig. 4·21. For the pTtt¯ spectrum MCFM is effectively only leading
order and resummation effects are expected to be important at low pT
tt¯.
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Figure 4·18: Unfolded distributions (central values are shown
as black lines with the uncertainty as the gray area) com-
pared to the predictions from Alpgen+Herwig (green circle),
MC@NLO+Herwig (red square), Powheg+Herwig (blue trian-
gle) and Powheg+Pythia (pink inverted triangle) [13].
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Figure 4·19: Unfolded distributions compared to NLO predictions
calculated with MCFM [13].
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Figure 4·20: Unfolded distributions compared to NLO+NNLL pre-
dictions [13].
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Variable CT10 MSTW2008NLO NNPDF 2.3 HERAPDF 1.5
χ2/NDF p-value χ2/NDF p-value χ2/NDF p-value χ2/NDF p-value
pT
t 9.5/6 0.15 9.8/6 0.14 8.2/6 0.22 5.5/6 0.49
mtt¯ 5.5/4 0.24 6.0/4 0.20 5.2/4 0.27 0.63/4 0.96
pT
tt¯ 14./3 0.00 13./3 0.01 12./3 0.01 9.1/3 0.03
|ytt¯| 3.7/2 0.16 4.0/2 0.13 1.3/2 0.52 0.44/2 0.80
Table 4.10: Comparisons between the measured spectra and pre-
dictions from different PDF sets interfaced with MCFM [13]. The
agreement is quantified in terms of χ2/NDF and p-values.
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Figure 4·21: The ratio of the measured distributions to PDF predic-
tions implemented with MCFM. The total statistical and systematic
uncertainty on the measured distribution is shown in gray and the
PDF predictions are shown as red, green, blue, and pink markers [13].
Chapter 5
Search for Production of Vector-Like Top Partners
I like to find
what’s not found
at once, but lies
within something of another nature
in repose, distinct.
Denise Levertov
A search for single and pair production of vector-like quarks is performed at
√
s = 8 TeV. The search is performed by requiring the presence of a Z boson which
is reconstructed from two same-flavor opposite-sign leptons (electrons or muons).
Events are split into two channels based on the number of leptons: one channel
considers events with exactly two leptons, while the other channel considers events
with three or more. The results from both channels are combined.
The analysis in the dilepton channel is described in detail for the partial 2012
dataset in Ref. [105]. This channel will be described here briefly since the event
selection is similar and the final results are a combination of both channels, however,
the focus will be on the analysis in the trilepton channel. As described in Sec. 2, single
VLQ can be produced via the electroweak interaction and pairs of VLQ can also be
produced via the strong interaction. Both cases are discussed separately. In the case
of single production, model independent limits are presented on σ(T b¯q)× BR(T →
Zt) as a function of mass. For pair production, limits are are derived in the case
of T and B singlets and doublets, and limits are also shown in a two-dimensional
plane as functions of the branching ratios of these heavy quarks to different decay
products.
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5.1 Data Sample and Simulation
The dataset used was collected at
√
s = 8 TeV by the ATLAS detector between
April and December in 2012 with stable beam conditions and all relevant subde-
tector systems operational. This dataset corresponds to an integrated luminosity of
20.3 fb−1. Single lepton triggers were used to select the data; in the electron channel
the trigger required at least one isolated electron with pT > 24 GeV or at least one
electron with pT > 60 GeV at the EF (and no isolation requirements), while in the
muon channel the trigger required at least one isolated muon with pT > 24 GeV
or at least one muon with pT > 36 GeV. The number of selected events and the
integrated luminosity for different periods of data taking, before any data quality
requirements have been made, are shown in Table 5.1.
Period Dates Int. Lumi. (fb−1) Nevents (e/γ) Nevents (Muon)
A Apr 04 - Apr 20 0.91 43,244,708 43,661,420
B May 01 - Jun 18 5.59 177,569,377 163,597,791
C Jul 01 - Jul 24 1.64 51,382,952 80,935,368
D Jul 24 - Aug 23 3.60 113,174,461 112,743,915
E Aug 23 - Sep 17 2.86 86,690,531 81,667,914
G Sep 26 - Oct 08 1.40 43,857,431 41,182,058
H Oct 13 - Oct 26 1.65 53,569,883 49,412,952
I Oct 26 - Nov 02 1.15 36,739,595 34,765,048
J Nov 02 - Nov 26 2.94 95,315,250 88,410,196
L Nov 30 - Dec 06 0.98 30,689,178 29,040,147
Total Apr 04 - Dec 06 22.7 732 M 725 M
Table 5.1: Integrated luminosity and number of events recorded by
the electron/photon and muon triggers for each period of data taking
in the full 2012 dataset.
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The signal samples for TT and BB pair production are simulated using Protos
2.2 [42] interfaced with Pythia 6. The MSTW2008LO PDF set is used with the
AUET2B tune. In the signal generation, branching ratios for the decays of heavy
quarks to Z, W , and H bosons along with the corresponding third generation quarks
are taken to be 1/3, and then events are re-weighted at the analysis level to obtain the
correct branching ratios. Samples are generated with VLQ masses between 350 and
800 GeV in steps of 50 GeV assuming that the VLQ are SU(2) singlets. Two samples
(with masses of 350 and 600 GeV) are produced for SU(2) doublets to check that the
analysis is not sensitive to kinematic differences between singlets and doublets. All
the samples are produced using the fast simulation of the ATLAS detector [73] and
additional samples are produced using the full simulation for validation. In order
to increase the number of MC signal events available for the analysis a filter is used
at truth level, requiring the presence of at least one stable electron or muon with
pT > 10 GeV and |η| < 10. For all samples the Higgs boson mass is assumed to be
125 GeV.
The baseline Tbq samples used for single production of VLQ implement a com-
posite Higgs model described in Ref. [41]. They are produced with madgraph [106]
interfaced with Pythia 8 [107] and use the CTEQ6L1 PDF set with the AU2
tune [108]. Each sample only simulates events in the case that the heavy top partner
decays to a Z boson and a top quark. A filter requiring an electron or muon with
pT > 20 GeV is also used. Samples are generated with masses from 400 to 1050 GeV
in 50 GeV steps. All of these masses are generated with a coupling parameter λT = 2,
and for the 700 GeV mass point samples are also generated with λT values from 1
to 5.
The SM backgrounds in this analysis are generally predicted with simulated sam-
ples, passed through the full detector simulation and normalized to NLO or higher
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cross-section calculations. In the dilepton channel, the dominant background is
Z+jets. This background is modeled using both Alpgen and Sherpa, and results
from the two generators are compared at each stage of the analysis. Some data-
driven corrections are made to these samples in the dilepton channel so that the
predictions more accurately model this background, and these corrections are de-
scribed in Sec. 5.3.1. Due to increased statistics, Sherpa is chosen as the default
generator both for the dilepton and trilepton channels. Both of these samples are
normalized to the dynnlo [109] cross-section prediction.
The Alpgen Z+jets samples are produced with v2.13 with the CTEQ6L1 PDF
set and interfaced with Pythia v6.421. Events are required to have a dilepton in-
variant mass greater than 40 GeV. Samples are generated separately for the inclusive
Z+jets (up to five additional partons) and for Z + cc¯+jets and Z + bb¯+jets (up to
three additional partons each) and a heavy flavor overlap removal algorithm is used
to avoid double counting between them. The MLM matching scheme is also used to
avoid double counting when combining samples generated with additional partons.
The Sherpa Z+jets samples are produced with v1.4.1 using the CT10 PDF
set and events are required to have a dilepton invariant mass greater than 60 GeV.
Samples are generated with massive charm and bottom quarks and divided by quark
flavor into three non-overlapping categories. Samples are also divided and generated
separately based on the pT of the Z boson: inclusive, 70− 140 GeV, 140− 280 GeV,
280−500 GeV, and > 500 GeV. The first three of these pT slices are passed through
the fast detector simulation, while the rest use the full simulation.
Other important backgrounds in the dilepton channel include tt¯ and single top
quark production. The top-quark mass for these samples is taken to be 172.5 GeV.
The tt¯ samples are simulated using Powheg with the CT10 PDF set. The sample is
normalized to the cross-section prediction from top++ [21]. The single top-quark
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background is simulated with AcerMC and the CTEQ6L1 PDF set for the t-channel
process, and Powheg with the CT10 PDF set for the s-channel and Wt-channel
processes. For both the tt¯ and single top-quark backgrounds, the generators are
interfaced with Pythia for parton shower and hadronization, using the P2011C tune.
The single top-quark samples are normalized to NLO cross-section predictions [110].
In the trilepton channel, one of the largest backgrounds comes from diboson
production. The diboson samples are produced with Sherpa and normalized to NLO
predictions [111]. The samples are split according to the bosons produced (WW , WZ
and ZZ) and these are further separated depending on the production mechanism
(“QCD” or α2sα
4
EW , and “EW” or α
6
EW ). The former production mechanism is
dominant and has a much higher cross-section, but the later contains forward jets
similar to the forward jets present in the signal for single production of VLQ. Of the
three main diboson samples, WZ is the most important due to the presence of a Z
boson and because the cross-section for fully leptonic WZ decay (WZ → ```ν) is
the largest. For this sample, the simulation of the QCD production includes massive
charm and bottom quarks. For the dilepton channel, the diboson backgrounds are
not as important, and since the Sherpa samples previously mentioned only include
the leptonic W and Z decay modes, they cannot be used for events where only two
leptons are required. For these reasons, in this channel Alpgen is used to simulate
these backgrounds.
Another important background in the trilepton channel is the production of tt¯
in association with W and Z bosons (referred to as tt¯ + V ). These processes are
simulated with madgraph and normalized to NLO predictions [112]. The final
background that is considered is production of tribosons, which is simulated using
madgraph interfaced with Pythia 6 and uses the CTEQ6 PDF set. Only leptonic
final states are considered, but this background is found to have a negligible impact
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for both channels.
5.2 Event Selection
5.2.1 Object Selection
The selection of physics objects (electrons, muons, jets, EmissT ) is the same as previ-
ously described in Sec. 4.2.1 with a few notable differences:
• The baseline electrons are selected with looser criteria- no requirements are
made on the track or calorimeter isolation.
• In the trilepton channel, electrons not used to reconstruct the Z boson can-
didate do have isolation requirements applied: an η-dependent 90% efficient
isolation cut is made based on the energy sum of cells around the electron
candidate (excluding the electron candidate itself) using a cone with radius
∆R = 0.2 and a further 90% efficient isolation cut is made using the track
transverse momentum sum in a cone with radius ∆R = 0.3.
• Isolation requirements on muons are pT dependent and track-based: the scalar
sum of the track pT in a cone of radius ∆R < 10 GeV/p
µ
T around the muon
(excluding the muon itself) must be less than 5% of the muon pT.
• The JVF requirement is only used for jets with pT ≤ 50 GeV and |η| < 2.4.
• Forward jets are used in the analysis in addition to central jets (defined as jets
within |η| < 2.5). The forward jets are required to have pT > 35 GeV and
2.5 < |η| < 4.5.
The EmissT is not explicitly used in the event selection or the analysis, but it is
used to check the background modeling in control regions, especially in the trilepton
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channel. In particular, the mT (W ) distribution is used to check that the third lepton
is associated with the decay of a W boson.
5.2.2 Common Event Selection
Before splitting the analysis into channels and before considering separate optimiza-
tions for different signals, a common event selection is applied. This preselection is
as follows:
1. The primary vertex of the event must contain at least five tracks. If multiple
primary vertices fulfilling this criteria are present then the one with the largest
scalar sum of constituent track transverse momentum is chosen.
2. The event must contain at least one pair of same-flavor (either both electrons
or both muons) leptons with opposite charges. Events with a pair of electrons
must have been triggered by one of the single electron triggers and events with
a pair of muons must have been triggered by one of the single muon triggers. At
least one of these leptons is required to match the trigger object (∆R < 0.15).
3. The Z boson candidate is formed from the pair of same-flavor opposite-sign
leptons, and the mass of the reconstructed Z boson candidate is required to
be within 10 GeV from the known Z mass peak (taken to be 91.19 GeV). If
more than one Z boson candidate exists in the event then the one with mass
closest to the known Z boson mass is used.
4. At this point events are split into those containing exactly two leptons (both
used to reconstruct the Z boson) and those with three or more leptons. The
former constitutes the dilepton channel and the later constitutes the trilepton
channel.
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Certain key variables are used to discriminate between the signal and backgrounds
and these variables drive the event selection. The first important variable is the
number of leptons, shown in Fig. 5·1. As can be seen in the figure, the signal tends
to have more leptons than the background does. This effect is offset by the fact that
there are many more events in the two lepton bin for both signal and background,
so in the dilepton channel harder cuts can be made on other variables, while in the
trilepton channel, the lepton requirement is important and gets rid of most of the
background events.
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Figure 5·1: The lepton multiplicity normalized to unit area for the
background samples (the hashed grey area) and three signal samples.
The single production signal is shown as a dotted red line while the
signals from pair production of vector-like top quarks and vector-like
bottom quarks are shown in solid red and blue respectively.
After events are split into the dilepton and trilepton channels, they are also split
into signal and control regions depending on the number of jets and the number of
b-tagged jets. All of the signal regions contain ≥ 2 central jets and all have the
requirement that the Z boson pT is greater than 150 GeV.
In both the dilepton and trilepton channels, the pT of the Z boson, the number
of central jets, number of b-tagged jets, and number of forward jets are important
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Event selection
Z candidate preselection
≥ 2 central jets
pT(Z) ≥ 150 GeV
Dilepton channel Trilepton channel
= 2 leptons ≥ 3 leptons
≥ 2 b-tagged jets ≥ 1 b-tagged jet
Pair production Single production Pair production Single production
HT (jets) ≥ 600 GeV ≥ 1 fwd. jet – ≥ 1 fwd. jet
Final discriminant
m(Zb) HT (jets + leptons)
Table 5.2: Summary of the event selection in the dilepton and trilep-
ton channels. The signal regions in the search for pair production and
single production of VLQ differ slightly; in both channels at least one
forward jet is required.
variables. However, different definitions of HT are used in the two channels. In the
dilepton channel, since the pT of both leptons have already been used to calculate
the Z boson pT, HT is defined as the sum of the pT of the jets in the event. However,
since the additional leptons in the trilepton channel contain additional information,
in this case HT is defined as the sum of the pT of all central jets and leptons in the
event.
The requirements specific to the dilepton and trilepton channels are discussed
next, along with the definitions of the control regions and signal regions in each
case. A summary of all requirements is presented in Table 5.2.
5.2.3 Dilepton Channel
After events are selected as having exactly two leptons, the next requirement is that
they also contain at least two jets. After this, they are split into different regions
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depending on the number of b-tagged jets. The control regions and signal regions
are defined as follows:
• Control region 1: events with at least two jets but no jets are b-tagged.
• Control region 2: events with at least two jets and one of them is b-tagged.
• Signal region: events with at least two jets, and at least two b-tagged jets.
The signal contamination in the dilepton control regions can be inferred from
Fig. 5·2. Most of the background processes have either 0 or 1 b-tagged jet while
most of the pair-production signal events have at least two b-tagged jets. In control
region 2, after applying the final selection for the pair-production signal region, there
are 9.6± 0.8 expected BB¯ events and 5.2± 0.5 expected T T¯ events while there are
186± 16 predicted background events.
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Figure 5·2: The b-tagged jet multiplicity distribution normalized to
unit area for the background samples (the hashed grey area), the pair-
production signals (solid red and blue lines) and the single production
signals (dashed red and blue lines) [14]. Events have been selected
with a Z boson candidate and ≥ 2 central jets.
For the final selection, there are two additional requirements. First, in each
region, the Z boson pT is required to be greater than 150 GeV. The analysis is
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performed blind to the number and the kinematic distribution of data events in
the signal region after this Z boson pT requirement. Due to kinematic differences
between single production and pair production, slightly different requirements are
imposed in these two signal regions (explained in Sec. 5.2.4). For the pair production
hypothesis, a variable denoted HT,jets is defined as the scalar sum of the transverse
momentum of all jets in the event. This is required to be greater than 600 GeV.
However, for the single production hypothesis, no requirement is made on HT,jets
and instead, the event is required to contain a forward jet.
5.2.4 Trilepton Channel
Once events for the trilepton channel are selected, tighter isolation requirements are
placed on any electrons not used to reconstruct the Z boson candidate. This reduces
the number of events with fake leptons. Events are also split into control regions and
signal regions based on the number of jets and the number of b-tagged jets. These
regions are defined as follows:
• Control region 1: events with no jets.
• Control region 2: events with one jet which is not b-tagged.
• Control region 3: events with one jet which is b-tagged.
• Control region 4: events with two jets, neither of which is b-tagged.
• Signal region: events with two jets, at least one of which is b-tagged.
The first requirement in the signal region of the trilepton channel is on the Z
boson pT. The shape of this distribution is shown before this requirement for events
with at least three leptons with tight requirements on the third lepton, two jets and
≥ 1 b-tagged jet in Fig. 5·3. Two same flavor opposite sign leptons are also required
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to reconstruct a Z boson with a mass within 10 GeV of the known Z boson mass.
The backgrounds have much lower Z boson pT than any of the signals, and the
background is greatly reduced by requiring pT(Z) > 150 GeV. This also helps to
ensure that the reconstructed Z boson is real.
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Figure 5·3: The Z boson pT distribution normalized to unit area
for the background samples (the hashed grey area) and three signal
samples. The plot is shown for events with at least two jets and at
least 1 b-tagged jet.
Just as for the dilepton analysis, the Z boson pT requirement is made in all control
regions and the signal region, and after this requirement the analysis is performed
blind to the number and distribution of data events in the signal region. After this,
one more variable is considered and that is the number of forward jets in the event.
When a single VLT is produced via the electroweak force, it is produced in association
with a b-quark and another forward jet. This means that these events are likely to
have forward jets. The shape of the forward jet multiplicity distribution is presented
in Fig. 5·4 and indeed it can be seen in the figure that while the background and the
pair-production signal both do not have many events with forward jets, the single
production signal does.
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Figure 5·4: The forward jet multiplicity distribution normalized to
unit area for the background samples (the hashed grey area) and three
signal samples. The plot is shown for events with at least two jets and
at least 1 b-tagged jet before and after the Z boson pT requirement.
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The HT , defined as the scalar sum of the pT of all jets and leptons in the event
is used as the final discriminating variable for both the single production and pair
production signals. The shape of the HT distribution is shown in Fig. 5·5 for events
both with and without the forward jet requirement. This variable is more effective
at separating the signal from the background in the case of pair production than it
is in the case of single production.
(jets+leptons) [GeV]TH
0 400 800 1200 1600 2000
Fr
ac
tio
n 
of
 e
ve
nt
s 
/ 2
00
 G
eV
0.1
0.2
0.3
0.4
0.5
0.6 Backgrounds
 (650 GeV)BB
 (650 GeV)TT
q (650 GeV)bT
ATLAS
Internal =8 TeVs
Simulation
Trilepton
(a)
(jets+leptons) [GeV]TH
0 400 800 1200 1600 2000
Fr
ac
tio
n 
of
 e
ve
nt
s 
/ 2
00
 G
eV
0.1
0.2
0.3
0.4
0.5
0.6
Backgrounds
 (650 GeV)BB
 (650 GeV)TT
q (650 GeV)bT
ATLAS
Internal =8 TeVs
Simulation
Trilepton
(b)
Figure 5·5: The HT variable, defined as the scalar sum of the pT of all
jets and leptons, normalized to unit area for the background samples
and three single samples. The variable is shown for both signal regions;
the single production signal region requires the presence of a forward
jet in the event and this is shown on the left, and the pair production
signal region does not and this is shown on the right.
5.3 Agreement between Data and Predictions
In order to ensure that the SM backgrounds are well modeled by simulation, the
measured data is compared to the predicted background at each stage of the analysis
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in both the dilepton and trilepton channels. For the dilepton channel, the largest
challenge is to make sure that the Z+jets background is well modeled, since this is
the dominant background. This is discussed in Sec. 5.3.1.
For the trilepton channel, the most important issue related to background mod-
eling is the presence of fake leptons. Fake leptons can be real leptons from meson
decays in jets, jets that get misidentified as electrons, or jets that punch through
to the muon chambers and get identified as muons. Since events with three leptons
are relatively rare, a large fraction of background events in this channel have fake
leptons. It is also difficult to correctly simulate fake lepton rates in MC simulation.
This is the reason for increasing the electron isolation criteria on additional leptons.
5.3.1 Agreement Between Data and Predictions in the Dilepton Channel
The Z boson candidate mass and the jet multiplicity distributions are shown in the
dilepton channel at the inclusive stage (just after events have been separated into the
dilepton and trilepton channels) in Fig. 5·6, with Sherpa used to model the Z+jets
background. At this stage of the analysis, the background is primarily made up of
Z+jets events, in particular Z+light and Z+charm events. The Sherpa prediction
shown is the default prediction and no data-driven corrections have been applied.
The next requirement is that events contain at least two jets and after that
events are split into control regions and the signal region based on the number of
b-tagged jets. However, before events are split into regions, it must be clear that
the b-jet multiplicity distribution is well modeled. This distribution is shown after
the 2 jet requirement and before any reweighting in Fig. 5·7. It is decided that the
Z+jets background should be corrected to account for differences between data and
prediction. Scale factors are determined in each b-jet multiplicity bin, using events
with a Z boson with pT < 100 GeV in order to avoid the signal region, and in order
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Figure 5·6: The reconstructed Z boson mass and jet multiplicity
distributions shown at the inclusive selection level before any Z+jets
reweighting. Events for which electrons are used to reconstruct the Z
boson are shown on the left, and events for which muons are used to
reconstruct the Z boson are shown on the right.
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Figure 5·7: The b-jet multiplicity distribution for events containing
at least two jets before any reweighting. Events for which electrons
are used to reconstruct the Z boson are shown on the left, and events
for which muons are used to reconstruct the Z boson are shown on the
right.
to obtain samples of events with high statistics. The scale factors that are derived
are shown in Fig. 5·8. The b-jet multiplicity spectrum is shown after these scale
factors are applied in Fig. 5·9.
Despite good agreement between data and prediction at the inclusive stage, after
requiring ≥ 2 jets, evidence of pT(Z) mismodeling becomes visible and the difference
between data and prediction increases as more b-tagged jets are required. If this is
corrected, then after the pT(Z) > 150 GeV requirement, the predicted backgrounds
would overestimate the number of data events by 10-20%. In order to correct the
mismodeling of the Z+jets background, not only is the b-jet multiplicity spectrum
reweighted, but a second reweighting is also applied to the pT(Z) spectrum. This
reweighting is derived using the control region with 1 b-tag, and the same scale
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Figure 5·8: Scale factors derived in each b-jet multiplicity bin in
order for data and prediction to agree for pT(Z)< 100 GeV. Events
for which electrons are used to reconstruct the Z boson are shown on
the left, and events for which muons are used to reconstruct the Z
boson are shown on the right.
factors are derived in the 0 b-tag control region in order to assess a systematic
uncertainty on the reweighting scheme. The Z boson pT spectrum is shown after the
first reweighting (based on b-jet multiplicity) but before the second in Fig. 5·10. The
reweighting functions determined from the 1 b-tag region are shown in Fig. 5·11, and
the Z boson pT spectra are shown after all corrections have been applied in Fig. 5·12.
The pT spectra are shown for events with a Z boson reconstructed from muons and
either 0 b-tags or 1 b-tag as examples.
After all corrections have been applied, events are required to have pT(Z) >
150 GeV. At this point, the dilepton channel analysis splits, and two signal regions
are formed: one for the pair production hypothesis and one for the single production
hypothesis. For pair production, HT,jets is required to be greater than 600 GeV. This
spectrum before the requirement is shown in Fig. 5·13 and the final discriminant
variable, m(Zb), is shown after this requirement in Fig. 5·14. For single production,
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Figure 5·9: The b-jet multiplicity distribution for events containing
at least two jets after events are reweighted so that the number of data
events and predicted events agree for pT(Z) < 100 GeV. Events for
which electrons are used to reconstruct the Z boson are shown on the
left, and events for which muons are used to reconstruct the Z boson
are shown on the right.
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Figure 5·10: The Z boson pT spectrum in the 0 b-tag bin (left) and
the 1 b-tag bin (right) after applying scale factors based on the b-jet
multiplicity but before applying any corrections based on the Z boson
pT.
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Figure 5·11: The reweighting functions derived in the 1 b-jet bin for
events with a Z boson reconstructed from electrons (left) and muons
(right).
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Figure 5·12: The Z boson pT spectrum in the 0 b-tag bin (left) and
the 1 b-tag bin (right) after applying all data-driven corrections.
instead of adding a requirement on HT,jets, the event is required to contain a forward
jet. The forward jet multiplicity distribution is shown for events with 2 b-tags just
after the pT(Z) requirement in Fig. 5·15 and m(Zb) is shown after the forward jet
requirement in Fig. 5·16. The m(Zb) variable is formed by calculating the invariant
mass of the Z boson and leading b-jet.
5.3.2 Agreement Between Data and Predictions in the Trilepton Chan-
nel
Events with at least three leptons can be divided into channels based on the fla-
vor of the leptons. Events with electrons reconstructing the Z boson and with an
electron as the third lepton are referred to as the eee channel, events with electrons
reconstructing the Z boson but a muon as the third lepton are referred to as eeµ,
events with muon reconstructing the Z boson and a third lepton as an electron are
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Figure 5·13: The HT,jets distribution, shown after the pT(Z) require-
ment, in the 2 b-tag bin [14].
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Figure 5·14: The m(Zb) distribution shown in the final signal region
used for the pair production hypothesis [14].
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Figure 5·15: The forward jet multiplicity distribution, shown after
the pT(Z) requirement, in the 2 b-tag bin [14].
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Figure 5·16: The m(Zb) distribution shown in the final signal region
used for the single production hypothesis [14].
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µµe and events with muons reconstructing the Z boson and a muon as the third
lepton are µµµ. For events with more than three leptons, the third lepton is chosen
as the lepton with the highest pT after removing the leptons used to reconstruct the
Z boson.
These channels are useful for studying the additional requirements on the third
lepton since electrons are more likely to be fake than muons are. The transverse
mass of the W boson is presented in Fig. 5·17 after selecting events with a Z boson
and three leptons, but before adding any additional requirements to the third lepton
in cases where the third lepton is an electron. The “Other bkg” category is mostly
comprised of Z+jets events which tend to have low mT (W ) since they do not contain
a real W boson or three real leptons. In the categories with an electron as the third
lepton, there are a larger number of Z+jets events and there is a large discrepancy
between the predicted background and the number of data events, especially at low
mT (W ). There are half as many events in the categories with a muon as the third
lepton but there is better agreement between data and prediction.
After applying additional quality requirements and isolation requirements to the
third electron in the eee and µµe categories, the mT (W ) plots for those channels
are shown in Fig. 5·18. At this point there are 768 data events with an electron
as the third lepton and 992 data events with a muon as the third lepton. The
background is also mainly comprised of WZ events (WZ accounts for 70% of the
predicted background events) and there are many fewer Z+jets events. There is
also much closer agreement between the data and background prediction. All other
trilepton channel plots shown in this section will include these tighter third lepton
requirements, and these requirements before splitting events into categories based
on the number of jets or the number of b-tagged jets is referred to as the inclusive
selection.
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Figure 5·17: The transverse mass of the W boson for events with
≥ 3 leptons and no additional requirements on the third lepton in the
eee channel (top left), µµe channel (top right), eeµ channel (bottom
left), and µµµ channel (bottom right).
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Figure 5·18: The transverse mass of the W boson for events with
≥ 3 leptons and additional requirements on the third lepton in the eee
channel (left), and µµe channel (right).
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Figure 5·19: The Z boson mass (left) and the jet multiplicity distri-
bution (right) for events with three leptons and tight requirements on
the third lepton [14].
Before dividing events into categories based on the number of jets, it is important
to ensure that the jet multiplicity spectrum is well modeled. This spectrum, as well
as the Z boson mass distribution, is shown for the inclusive selection in Fig. 5·19.
The pair production signals are also included in the central jet multiplicity plot to
illustrate that there are very few expected signal events in the 0-jet and 1-jet control
regions.
The region with ≥ 2 jets is further split according to the number of b-tagged jets.
The b-tagged jet multiplicity distribution is shown in Fig. 5·20. Again, this distri-
bution appears well-modeled and the WZ background still makes up approximately
70% of the background prediction. The 0 b-jet bin becomes another control region,
and events with ≥ 1 b-jet are selected for the signal region.
The next requirement made in all control regions is that the Z boson pT be
138
b-tagged jet multiplicity
0 1 2 3 4
Ev
en
ts
-110
1
10
210
310
410 Data 2012
Other bkg.
WZ
+Vtt
 (650 GeV)BB
 (650 GeV)TT
Uncertainty
ATLAS Internal
=8 TeVs
-1
 L dt = 20.3 fb∫
Trilepton
b-tagged jet multiplicity
0 1 2 3 4
D
at
a 
/ b
kg
0.5
1
1.5
Figure 5·20: The b-jet multiplicity distribution for trilepton events
with ≥ 2 jets.
greater than 150 GeV. The pT(Z) distribution is shown for the control region with
≥ 2 jets and 0 b-tags and for the signal region with ≥ 2 jets and ≥ 1 b-tag in Fig. 5·21.
Both regions show good agreement between data and the background prediction.
Finally, in the case of single production, events are required to contain a forward
jet. The forward jet multiplicity distribution is shown before and after the pT(Z)
requirement in Fig. 5·23. The single production signal is also shown for these dis-
tributions. After requiring a b-tagged jet, the tt¯ + V background becomes a much
larger fraction (40%) of the remaining background prediction.
The final discriminant variable used is HT (jets+ leptons) which is presented in
Fig. 5·23 for the pair production signal region (with no forward jet requirement) and
for the single production signal region (with a forward jet requirement). Since no
excess of events beyond the SM is observed, these distributions are used as input for
setting limits. Since the errors due to limited statistics are large, better limits are
found by using larger bins and losing some of the information about the shapes of the
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Figure 5·21: The Z boson pT distribution for events with exactly 0
b-tags (left) and ≥ 1 b-tag (right). Events have ≥ 3 leptons and ≥ 2
jets.
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Figure 5·22: The forward jet multiplicity distribution before (left)
and after (right) the requirement on the Z boson pT. Events have ≥ 3
leptons, ≥ 2 jets and ≥ 1 b-tagged jet.
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Figure 5·23: The HT (jets + leptons) distribution before (left) and
after (right) requiring a forward jet. Events have ≥ 3 leptons, ≥ 2
jets, ≥ 1 b-tagged jet, and pT (Z) > 150 GeV [14].
distributions. Only three bins (200−700 GeV, 700−1200 GeV, and 1200−2000 GeV)
are used in the limit setting.
The predicted signal and background yields as well as the number of data events
at various stages of the pair-production event selection are shown in Table 5.3 and
the yields after requiring a forward jet are shown in Table 5.4.
5.4 Systematic Uncertainties
Sources of systematic uncertainties come from the background normalizations, the
detector modeling, and the rescaling method used to correct the Z+jets background
in the dilepton channel. Each source of systematic uncertainty is considered in-
dividually and variations are propagated through the analysis. The effect on the
normalization and shape of the final discriminant spectra is taken into account in
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Trilepton Ch. ≥ 2 jets pT (Z) > 150 GeV Ntag ≥ 1
WZ 1170±130 219±32 51.5±8.9 5.8±1.4
tt¯+ V 23.5±6.7 22±6.3 7±2.1 5.9±1.8
Other SM 435±50 67±13 10.4±9.2 2.6±1.3
Total SM 1630±170 309±39 69±14 14.3±2.6
Data 1760 334 78 16
BB¯ (mB=650 GeV) 5.76±0.36 5.71±0.36 4.75±0.31 4.17±0.3
T T¯ (mT=650 GeV) 7.43±0.52 7.37±0.51 6.08±0.47 5.48±0.42
Table 5.3: The number of pair-production signal events, background
events, and data events after each requirement. The uncertainties
shown on the predicted values include all statistical and systematic
sources.
Trilepton Ch.
WZ 0.62±0.27
tt¯+ V 0.74±0.24
Other SM 0.07±0.1
Total SM 1.43±0.41
Data 2
BB¯ (mB=650 GeV) 0.448±0.097
T T¯ (mT=650 GeV) 0.499±0.093
T b¯q (650 GeV, λT = 2) 3.06± 0.52
Table 5.4: Number of single-production signal events, background
events, and data events in the single production signal region (after
requiring a forward jet). The number of VLT and VLB events from
pair production in this region is also shown. The uncertainties include
all statistical and systematic sources.
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the limit setting.
5.4.1 Cross-Section Uncertainties
Uncertainties on the cross-sections used to normalize the MC for various backgrounds
are taken into account by varying the normalizations of these backgrounds within
their theoretical uncertainties [21, 110].
Uncertainties on the cross-section calculations, and their dependence on event
kinematics are more important in the trilepton channel than the dilepton channel,
since the dominant backgrounds for the former are the diboson and tt¯+V production,
which both have large cross-section uncertainties. For this reason, the diboson un-
certainties used for the dilepton channel are taken to be the inclusive 24% [111], but
for the trilepton channel the uncertainty used is 10% or 50% ×HjetsT /TeV (whichever
is larger) following the methods described in Ref. [113]. The uncertainty on tt¯ + V
is conservatively taken to be 30% [112].
An overall uncertainty of 2.8% is associated with the measurement of the inte-
grated luminosity. This is evaluated by effectively shifting the cross-sections of all
predicted backgrounds up and down simultaneously.
5.4.2 Detector Modeling Uncertainties
Many of the sources of systematic uncertainties are similar to the detector modeling
uncertainties which are described in more detail for the previous analysis in Sec. 4.8.
Any updated methods are described here with the corresponding references. Sources
of uncertainty include b-tagging, lepton identification and reconstruction, and jet
reconstruction.
The uncertainties related to b-tagging have a b-jet tagging component, a c-jet
mistagging component, and a light-jet mistag component. The differences between
the efficiencies and mistag rates in data and MC are determined using dilepton
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tt¯ events for b-jets, events with D∗+ mesons for c-jets, and events with negative b-
tagging weights for light jets, and the corrections and uncertainties on the corrections
are parametrized as functions of pT and η [114, 115, 116]. The uncertainties range
from 7% to 13% for b-jets, 15% and 39% for c-jets, and are approximately 25% for
light jets.
Data events with leptonic Z boson decays are used to measure the trigger and
reconstruction efficiency of leptons as well as the energy scale and resolution, and
correction factors are determined so that simulation matches data [117,118].
Uncertainties on jet reconstruction are measured using minimum bias and dijet
data events. The uncertainties come from the jet energy scale, the jet vertex fraction
scale factors, the jet energy resolution, and the jet reconstruction efficiency. Since
EmissT is not used in any of the event requirements and is not used for limit setting,
no uncertainties related to it have been evaluated.
5.4.3 Systematic Uncertainties Associated with the Z+jets Scaling
The rescalings applied to the Z+jets background are only applied in the dilepton
channel, and therefore the associated systematic uncertainties are also only applied
to the dilepton channel. There are three sources of uncertainty related to these
corrections:
• Uncertainty on scale factors from first reweighting - this correction is deter-
mined using events with pT(Z) < 100 GeV and using events with 50 GeV <
pT(Z) < 150 GeV. The result using pT(Z) < 100 GeV events is used as the
nominal result and the difference between the correction using those events and
the 50 GeV < pT(Z) < 150 GeV events is taken as the systematic uncertainty.
• Uncertainty on scale factors for the second reweighting - events with 0 and 1
b-tags were used, and the result with 1 b-tag is taken as the nominal correction,
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Fractional uncertainties (%): dilepton channel
Z+jets tt¯ Other bkg. Total bkg. BB¯ T T¯
Luminosity 1.4 2.8 2.8 0.3 2.8 2.8
Cross section 5.5 6.4 29 0.7 - -
Jet Reco. 13 10 14 11 2.0 2.1
b-tagging 9.1 13 9.9 5.7 7.2 5.9
e Reco. 2.9 16 5.9 4.6 2.5 1.5
µ Reco. 3.8 7.8 7.2 4.2 3.2 1.3
Z+jets pT(Z) corr. 9.0 - - 6.5 - -
Z+jets rate corr. 6.9 - - 5.0 - -
MC statistics 5.0 25 12 5.4 2.4 2.9
Table 5.5: The fractional uncertainties (%) in the yields of signal and
background events after the final dilepton channel selection for testing
the pair production hypotheses [14]. The signals correspond to SU(2)
singlet T and B quarks with a mass of 650 GeV. The uncertainties
are grouped into categories that are explained in more detail in the
text. The “Total bkg.” category gives the fractional uncertainty on
the total background prediction comprised of Z+jets, tt¯, and the other
backgrounds.
and the difference between the two is used as the uncertainty on that correction.
• Statistical uncertainty on the number of events in the MC samples used to
derive corrections - the results obtained using the scale factors ± the statistical
error are compared with the nominal results.
These corrections are re-derived for every other systematic variation, to fully
account for the effect of each one.
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WZ tt¯+X Other bkg. Total bkg. BBS TTS TsZt
Luminosity 2.8 2.8 2.8 2.8 2.8 2.8 2.8
Cross-section 17 30 8.9 21 0 0 0
Jet Reco. 5.4 1.2 8.1 3.1 4 1.8 0.69
b-tagging 13 3.6 13 6.7 5.6 5.5 4.5
e Reco. 9.3 3.9 37 11 5.9 12 4.8
µ Reco. 14 3.9 18 4.2 6.2 5.7 3.5
Table 5.6: Summary of the fractional sizes of different sources of
systematic uncertainty in the signal region for pair-production of VLQs
in the trilepton channel.
5.4.4 Size of Systematic Uncertainties in the Signal Region
The uncertainties in the pair production signal region for the dilepton channel are
shown in Table 5.5. The Z+jets corrections are unique to this channel and are a
large source of uncertainty.
The uncertainties due to statistics, the limited number of events in the MC
samples, and due to the theoretical uncertainty on the cross-sections of the main
background processes are the largest uncertainties in the trilepton channel. A sum-
mary of the contributions of different sources of systematic uncertainties in the pair-
production signal region is presented in Table 5.6 and the same summary is shown
for the single-production signal region in Table 5.7.
5.5 Results
5.5.1 Statistical Treatment of Results
The search for signal and limit setting are performed using a binned Poisson like-
lihood test [119]. When setting limits, for each mass point, the signal is scaled by
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WZ tt¯+X Other bkg. Total bkg. BBS TTS TsZt
Luminosity 2.8 2.8 2.8 2.8 2.8 2.8 2.8
Cross-section 15 30 34 24 0 0 0
Jet Reco. 39 11 130 25 22 7.7 11
b-tagging 11 2.7 12 4.5 4.1 3.5 8.2
e Reco. 8.9 6.4 8.1 4 15 10 8.6
µ Reco. 13 3.9 5.9 6.5 2.2 6.1 9.7
Table 5.7: Summary of the fractional sizes of different sources of
systematic uncertainty in the signal region for single-production of
VLQs in the trilepton channel.
factors (µ) in order to determine the cross-section that is excluded at a confidence
level (CL) of 95%.
For each mass point, and each µ, one hundred thousand Poisson-distributed
pseudo-experiments are generated both for the background-only (or null) and signal+
background (or test) hypotheses. In each case the uncertainty on the signal and
background models due to the limited number of MC events is taken into account
by fluctuating the prediction using Poisson-distributed random numbers, and each
individual source of systematic uncertainty is taken into account using Gaussian-
distributed random numbers. Then likelihoods are formed comparing the pseudo-
experiment to the null and test hypotheses. The likelihood comparing the pseudo-
experiment to the signal+background hypothesis can be written
Ls+b(µ) =
N∏
i=1
(µsi + bi)
ni
ni!
e−(µsi+bi) , (5.1)
where the product is over the number of bins in the distribution, and ni is the number
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of events for the pseudo-experiment in bin i. The test statistic is
NLLR = −2 ln
(
Ls+b(µ)
Lb
)
, (5.2)
where Lb is the likelihood comparing the pseudo-experiment to the background-only
hypothesis and is defined analogously to Eq. 5.1.
Pseudo-experiments derived from the null and test hypotheses form two distri-
butions of the test statistic as can be seen in the example in Fig. 5·24. Given a
particular value of the test statistic Q, integrating the distributions as shown in
the figure, yields values of CLb and CLs+b where CLb is the probability to obtain
a test statistic greater than or equal to Q given the background only hypothesis,
and CLs+b is the probability to obtain a test statistic greater than or equal to Q
given the signal+background hypothesis. The value of Q is determined from the
measured data distribution when deriving the observed limit, is the median of the
background-only distribution when deriving the expected limit, and are the points
bounding 68%/95% of the background-only distribution when deriving ±1/2σ un-
certainties on the expected limits.
In each case, the variable used as the basis for limit setting is CLs [121], defined
as
CLs =
CLs+b
CLb
, (5.3)
and values of CLs < 0.05 are excluded. Values of CLs are scanned as a function of µ
and the value of µ that gives CLs = 0.05 can be used to determine the cross-section
limit for each mass point.
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Figure 5·24: Example NLLR distributions for background-only
(blue) and signal+background (red) hypotheses. The black line rep-
resents a point either from data or from the median background pre-
diction used to derive the expected limit [120].
5.5.2 Testing for Signal
The search for deviations from the background-only model is performed by calcu-
lating 1 − CLb assuming a signal scale factor µ = 1. The results are shown as a
function of mass for vector-like T and B singlets in the dilepton and trilepton chan-
nels in Fig. 5·25 and Fig. 5·26 respectively. No evidence of signal events is found.
5.5.3 Limits for Pair Production
Since no excess of events is seen above the expected background, the observed data
can be used to set exclusion limits on the production cross-sections of VLQ across
the signal mass range.
The 95% CL limits for singlet and doublet VLQ in the dilepton channel are shown
in Fig. 5·27 for the trilepton channel. The dashed line represents the expected limit,
the solid black line is the observed limit, and the yellow and green bands denote
the 1σ and 2σ uncertainty bands on the expected limit. The dilepton and trilepton
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(a) Vector-like B singlet (b) Vector-like T singlet
Figure 5·25: The results of the search for a VLB singlet (left) and
VLT singlet (right) in the dilepton channel presented as 1− CLb.
(a) Vector-like B singlet (b) Vector-like T singlet
Figure 5·26: The results of the search for a VLB singlet (left) and
VLT singlet (right) in the trilepton channel presented as 1− CLb.
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Singlet mass limit [GeV] Doublet mass limit [GeV]
Hypothesis Dilepton Trilepton Comb. Dilepton Trilepton Comb.
BB¯ 690 (665) 610 (610) 685 (670) 765 (750) 540 (530) 755 (755)
T T¯ 620 (585) 620 (620) 655 (625) 705 (665) 700 (700) 735 (720)
Table 5.8: Observed (expected) 95% CL limits for BB¯ and T T¯ sin-
glets and doublets in the dilepton channel, trilepton channel, and with
both channels combined.
channels are approximately equally sensitive to pair production of T T¯ singlets, but
the trilepton channel is more sensitive to T T¯ doublets and the dilepton channel is
more sensitive to pair production of both singlet and doublet BB¯. All of the limits
in the dilepton and trilepton channels as well as the combined limits are summarized
in Table 5.8. The combined limits are shown for T T¯ and BB¯ singlets and doublets
in Fig. 5·28.
The combined limits are also shown in a two-dimensional branching ratio plane
with decays to a Higgs boson and third generation quark on the x-axis, decays to a
W boson and a third generation quark on the y-axis, and it is assumed that decays
to H, W , and Z bosons sum to unity. The expected and observed limits are shown
in this branching ratio plane for BB¯ in Fig. 5·29 and T T¯ in Fig. 5·30.
5.5.4 Limits for Single Production
Model independent limits on single production of VLQ are presented as upper limits
on σ × BR. The mass limits on production of a VLT are shown for the trilepton
channel in Fig. 5·31. In the dilepton channel, limits for the single production of a
VLB are also obtained but these are not combined with the trilepton channel because
the trilepton channel is not sensitive to this process. The combined mass limit for
a VLT and the dilepton limit for a VLB are shown in Fig. 5·32. The dilepton and
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Figure 5·27: Observed (expected) 95% CL limits for BB¯ and T T¯
singlets and doublets for the trilepton channel.
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Figure 5·28: Observed (expected) 95% CL limits for BB¯ and T T¯
singlets and doublets for the dilepton and trilepton channels com-
bined [14].
154
 Wt)→BR (B 
0 0.2 0.4 0.6 0.8 1
 H
b)
→
BR
 (B
 
0
0.2
0.4
0.6
0.8
1
 lim
it [
Ge
V]
B
Ex
pe
cte
d 
95
%
 C
L 
m
350
400
450
500
550
600
650
700
750
800
850
ATLAS Preliminary
 = 8 TeVs
-1 L dt = 20.3 fb∫
Zb/t + X
Combination
Dilep. + Trilep.
(a)
 Wt)→BR (B 
0 0.2 0.4 0.6 0.8 1
 H
b)
→
BR
 (B
 
0
0.2
0.4
0.6
0.8
1
 lim
it [
Ge
V]
B
Ob
se
rv
ed
 9
5%
 C
L 
m
350
400
450
500
550
600
650
700
750
800
850
ATLAS Preliminary
 = 8 TeVs
-1 L dt = 20.3 fb∫
Zb/t + X
Combination
Dilep. + Trilep.
(b)
Figure 5·29: Expected (top) and observed (bottom) 95% CL mass
limits for pair production of VLB presented in a branching ratio plane
with decays to a Higgs boson and a b-quark on the x-axis and decays
to a W boson and a top quark on the y-axis [14]. The branching ratios
for decays to Hb, Wt, and Zb are assumed to sum to unity.
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Figure 5·30: Expected (top) and observed (bottom) 95% CL mass
limits for pair production of VLB presented in a branching ratio plane
with decays to a Higgs boson and a top quark on the x-axis and decays
to a W boson and a b-quark on the y-axis [14]. The branching ratios
for decays to Ht, Wb, and Zt are assumed to sum to unity.
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Figure 5·31: Model independent limit on single production of a VLT
obtained in the trilepton channel. The limit is presented as a limit
on σ × BR with the expected limit shown as a dashed line and the
observed limit shown as a solid black line.
trilepton channels are approximately equally sensitive to single production of a VLT
and the dilepton channel gets more sensitive for high masses.
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Figure 5·32: Model independent limit on single production of a VLB
(left) obtained in the dilepton channel and single production of a VLT
(right) obtained by combining the dilepton and trilepton channels [14].
The limits are presented as limits on σ ×BR with the expected limit
shown as a dashed line and the observed limit shown as a solid black
line.
Chapter 6
Summary and Conclusions
You start out with one thing, end
up with another, and nothing’s
like it used to be, not even the future.
Rita Dove
6.1 Summary
In this thesis, Standard Model predictions have been tested in two ways: through
making precise measurements of predicted quantities, and through searching for new
particles that do not exist in the Standard Model.
Differential cross-sections of tt¯ pair production with respect to the transverse
momentum of the top quark and with respect to the mass, transverse momentum,
and rapidity of the tt¯ system have been measured with the ATLAS detector at a
center-of-mass energy
√
s = 7 TeV. These measurements are sensitive enough to
discriminate between available predictions from generators, theoretical calculations,
and predictions using different PDF sets. The pT
t spectrum, particularly at high pT,
is consistently softer in data than for these various predictions, especially when com-
pared with the Alpgen+Herwig and Powheg+Pythia generator predictions.
Finally, when the data is compared to predictions from various PDF sets interfaced
with MCFM, there is a preference for HERAPDF.
This result is currently being used by other ATLAS analyses in order to bet-
ter understand and constrain the tt¯ background [122]. In particular the top-quark
pT measurement can be used to correct this distribution in MC simulation. The
differential cross-section measurements can also be used to constrain proton parton
158
159
distribution functions [123].
A search for vector-like quarks has been performed at
√
s = 8 TeV using events
in two channels with exactly two and greater than two leptons. No excess over the
Standard Model prediction has been found, and limits are set as a function of the
masses of these quarks. Sensitivity to single production of vector-like quarks has
also been explored, and limits have been set on the production cross-sections.
6.2 Outlook
The Standard Model remains an accurate description of the physical world. However,
as physicists probe higher energies, it is possible that some new physics beyond the
Standard Model will emerge. Higher energies will extend the sensitivity of the top-
quark pair production differential cross-section measurements to larger values of the
top-quark pT, and larger values of the mass and pT of the tt¯ system.
In the LHC Run II, the center-of-mass energy will be
√
s = 13 TeV. As the
energy is increased, boosted event topologies become more important. For example,
a large fraction of the W bosons produced will have decay products contained in one
jet, and the decay products of top quarks will be grouped together more often. This
will make jet substructure techniques more important.
At higher energies, the sensitivity to vector-like quarks with larger masses is
also increased. With 300 fb−1 at
√
s = 14 TeV, VLQ with masses up to 1275 GeV
could be observed [124, 125]. In the trilepton channel, a lot of improvement can
be expected in the reach of the analysis due to the larger size of the dataset and
resulting reduced statistical uncertainties. The other significant uncertainties in the
trilepton channel come from theoretical uncertainties in cross-section calculations for
background processes. These will improve as processes such as diboson and tt¯ + V
production are measured more precisely and theoretical calculations to higher order
160
will also improve these uncertainties.
The LHC is scheduled to begin taking data at 13 TeV in 2015. After Run II,
another major upgrade has been proposed which would increase the peak luminosity
by a factor of 10 (this is referred to as the High Luminosity LHC). The International
Linear Collider (ILC), another proposed particle accelerator, would be designed to
make precision Higgs boson measurements. So far, the SM has stood up well to
scrutiny at the LHC, but perhaps one of these experiments will still discover some-
thing unexpected.
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